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INTRODUCTION 
Weather factors are known to contribute to yield variations both 
between locations in any one year and between years at any one location. 
Therefore, weather variables play an important role in the analysis of 
yield data obtained from field experiments. 
Simple meteorological measurements such as total rainfall and average 
temperature for selected critical periods are of questionable value, how­
ever, for analyzing results from small plots because the conditions which 
precede or succeed any critical growth period can and often do have a pro­
nounced influence on the effects of a critical-period variable. This is 
not necessarily the case when the same critical-period variable is used 
in a yield study for a region as large as a county or state because pre­
ceding and succeeding conditions are not uniform over areas of this size. 
For each small component of a large region, the critical-period variable 
will be of increased or decreased importance depending on local conditions. 
Because the influence of these conditions on the critical-period variable 
for each small area tend to cancel each other when integrated over a large 
area, satisfactory relationships have been found between average yields 
of a large area and weather variables measured during critical periods. 
If the yield variations observed on small plots are to be accounted 
for by methods which attempt to introduce several relationships between 
environmental factors and crop yields, other problems arise. In the case 
of meteorological factors, many observations on variables such as rainfall, 
temperature , and net radiation m%.st be for each of several crop 
growth stages if these data are to be included in a yield analysis. 
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Measurement of these few variables at many sites would require consider­
able resources in the form of equipment and tin«2. Moreover, analysis of 
the resulting data, if done strictly by customary regression procedures 
would lead to considerable confusion because of some degree of multi-
collinearity among the original or transformed weather variables. It 
has been shown that the inclusion of groups of correlated variables in 
a regression model dilutes out some of the statistical significance of 
the coefficients (Gordon, 1968). Furthermore, pronounced and misleading 
shifts in regression coefficients can occur depending on the patterns of 
correlation among the independent variables. 
A possible method of circumventing the problems described in the 
previous paragraph is to develop indexes which incorporate simple weather 
observations into a single number or small set of numbers which represents 
the cumulative influences of many factors on yields. Such indexes can be 
obtained through the use of simulation models. With simulation models, 
raw meteorological observations can be converted, by appropriate compu­
tations incorporating the proper physical and biological relationships as 
found from other studies, into indexes which integrate the contributions 
of weather to crop yields. Moisture stress indexes have been obtained 
from such models, with excellent results in many instances. 
A simulation model should also be able to provide information about 
excess -cisture conditions. Very few experiments have been specifically 
designed to investigate the impact of excess moisture on yields. Vir­
tually no work has been done on the development of an objective excess 
moisture variable capable of explaining reduced yield responses which 
have occurred in field investigations of mineral nutritional aspects of 
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crop production. Some indirect accounting for excess moisture has 
occurred when rainfall observations for separate growth periods have been 
included in a regression analysis of yield factors. However, with an 
approach of this type, it is impossible to judge the importance of too 
much water on yields because rainfall in one period influences the 
effects of weather conditions in another period. For example, heavy early 
June rainfall may reduce maximum yield potential by inhibiting nutrient 
uptake, but the net effect of June rainfall may be positive if water 
stored in June prevents stress conditions at a later date. 
The study reported here was undertaken to develop the best method 
for accounting for the effects of weather on the corn yields obtained from 
a statewide yield study project. For this project, data had been collected 
from sites located in 15 counties in the major soil areas of the state. 
In total, approximately 2,800 yield observations, representing a broad 
range of weather, management, and soil conditions, were collected to study 
the influence of environmental and cultural factors on corn production. 
Data from seven of the 15 counties were available to develop the 
weather variables to be used in the regression analysis. A review of 
literature indicated that a simulation model method was best suited for 
the problem. Since simulation models require information about the soil 
and atmospheric components of the crop environment, it was necessary to 
adapt and modify a model so that estimates of these components could be 
used to compute a set of indexes applicable over a wide region. Soil 
profile descriptions for all sites were available and were used with 
general information on soil types to estimate soil components. Daily 
rainfall observations were the only weather data collected as an integral 
/. 
"T 
part of the yield project. However, data from other sources were avail­
able to estimate other atmospheric components of the model. 
The main objective was to adapt and modify a simulative model so it 
would simultaneously generate stress and excess moisture indexes for the 
statewide corn yield project and to test these indexes by computing a 
regression of yields on management factors, soil test values, and weather 
indexes to determine how well the effects and interactions of the indexes 
performed relative to expected behavior. 
An implicit objective of this study was to determine how readily 
rather simple components of a crop environment could be put together in 
a descriptive fashion to explain the integrated impact of weather on 
corn yields. 
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REVIEW Of LITERATURE 
The review of literatures is in two parts. The first part examines 
direct and indirect evidence of crop yield reductions caused by excess 
moisture. The second part covers various aspects of yield reductions 
induced by insufficient moisture with reference to the soil-plant-
atmosphere continuum. 
Yield Reductions Caused by Excess Soil Moisture 
Numerous sources of evidence point to excess moisture^ as a cause of 
reduced corn yields. Observations and methods of experimentation indicat­
ing that excess moisture causes yield reductions vary widely, but basically 
the evidence can be placed into these categories: 
1. Experiments incorporating high moisture treatments 
2. Surface and subsurface drainage studies 
3. Chemical transformations in submerged or poorly aerated soils 
4. Physiological studies involving root environments with low 
oxygen leveIs 
5. Disease-soil aeration studies. 
The following sections examine evidence from these five categories. 
Experiments incorporating; high moisture treatments 
Few studies can be found where excess water has been added as a 
method to examine the influence of excess moisture on corn growth and 
•""Tne term excess moisture is meant to convey a conceptual condition 
whvirê zhe root zone water content exceeds some undefined optimum level. 
Waterlogged, subrrerged, saturated, and flooded are terms generally used 
to cesc-ibe the more severe excess moisture conditions which may exist. 
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yield. In very early studies, Harris (1914) and Kiesselbach (1916) found 
that excess moisture reduced corn growth and yield, but in both papers, 
information about their experimental conditions and findings is scanty, 
possibly because soil-water investigation methods were not yet well 
developed and appreciated. More recently, several researchers have investi­
gated more thoroughly the conditions related to decreased corn yields and 
the extent of yield reductions caused by excess moisture at different 
growth stages. Results of three field studies are summarized in Tables 
1, 2, and 3. 
Johnson (1953) found that excess moisture from heavy surface irriga­
tions for periods of 6 or 10 days in early vegetative and reproductive 
stages of corn was much more harmful to plant growth and development than 
similar treatments applied later in the season (Table 1). In addition to 
depressed yields, anthesis was delayed, kernel moisture was increased, 
and stover yields and root dry weights were reduced when the treatment 
was applied early in plant development as compared to later in the 
season. 
In a series of studies, Joshi and Dastane (1965, 1966) found similar 
trends in the growth and yield of corn plants when excess moisture was 
imposed. In pot studies, even a single day of flooding at the 8-day 
seedling stage retarded dry matter accumulation over the thirty day 
period following water application. In field experiments conducted in 
two seasons, early, heavy irrigation treatments of long duration had the 
most pronounced detrimental effects on yields (Table 2). The less 
distinct differences in treated versus untreated yields in 1962 were 
attributed to heavy growing period rainfall which caused excess moisture 
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Table 1. The effect of flooding at different development stages on corn 
grain yields (Johnson, 1953)3 
Stage of plant Height of plants Average 
development when before flooding, yield, 
flooded inches bu/acre 
1951 
Early vegetative 8 96 
Early reproductive 54 107 
Tassel 74 111 
Milk 109 119 
Dent 109 124 
Not flooded -- 128 
1952 
Early vegetative 7 59 
Vegetative 23 61 
Early reproductive 54 62 
?re-tassel 73 76 
Not flooded -- 103 
1951, the duration of flooding was six days; in 1952, it was ten 
days. 
conditions on the control plots. 
Ritter and Beer (1969) induced yield reductions by heavy surface 
irrigation in eacr. of three seasons (Table 3). Again, the earlier and 
more prolonged the treatment, the more yields were depressed in comparison 
s 
Table 2. The effect of flooding duration at early and late stages on corn 
grain yields (Joshi and Dastane, 1966) 
Treatments^ 
Average yield^ 
1961, bu/acre 
Average yield 
1962, bu/acre 
Control 29 33 
Interval 24 19 
Early flooding 
1 day 21 21 
4 days 18 17 
8 days 13 10 
Late flooding 
1 day 21 22 
4 days 19 19 
S days 17 15 
a 
xncervax creacmenc was acnzevea by fiooaing on the 37, 47, 65, and 
76th days after planting. Early flooding treatments commenced on the 37th 
day after planting. Late flooding treatments terminated on the 75th day 
after planting. 
° Yields were averaged from replicates of flat- and ridge-planted 
plots. Ridge planting increased yields significantly over flat planting 
but yields still decreased as the duration of flooding increased. 
to untreated plants. Mid-season irrigation treatments apparently increased 
yields over the controls by reducing moisture stresses in cases where 
ample nitrogen was present. 
3ee-, Shrader, and Schvanke Cl957y, in studying the interrelationships 
of irrigation with other management factors, found that irrigations which 
Table  ' J 'he  e f  l ed  of  f looding ,  durâ t  ion ,  age  of  p lan t  deve lopment ,  and  n i t rogen  ra tes  on  gra in  
y ie lds  (Ki l te r  and  l ieer ,  1969)  
Corn  i l l ! ig i l l  
( inches)  or  
s tage  a t .  t ime 
of  l looding  
1-engl l i  o f  
f1ood ing ,  
hours  
1966 
Average  y ie ld ,  
bu/acre  
High  Low N 
1967 
Average  y ie ld ,  
bu /acre  
High  N Low N 
1968 
Average  y ie ld ,  
bu /acre  
High  N Ix)w N 
96 
72 
48 
24 
103  
105 
108 
8 1  
93 
98 
140 
149 
150  
99  
94  
99  
144  
143  
151  
92 
84 
93  
30  
30  
30  
30  
96  
72 
48 
24 
128 
116 
126 
101 
100 
104 
141 
142 
151  
98  
104 
110 
149 
146 
149  
102 
105 
122  
Si  Ik ing  
S i lk ing  
Si lk ing  
S i lk ing  
9()  
72 
48 
24  
137  
127  
140  
119  
123  
117 
147 
157 
157  
118 
118 
123 
161 
156 
155  
126 
125 
120 
No f looding  126 121 149 141  135 131 
'^High  n i t rogen  p lo ts  rece ived  350 lbs  N/acre ;  low n i t rogen  p lo ts  rece ived  50  lbs  N/acre .  
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maintained soil water near 90 percent of the available moisture capacity 
caused yield depressions relative to yields observed on plots maintained 
at 60 percent available moisture capacity. Furthermore, Beer et al. 
noted that increased fertility minimized the depressions. 
In the experiments of Johnson, Joshi and Dastane, Ritter and Beer, 
and Beer et al., excess moisture conditions were achieved by continuous 
or very frequent irrigations. Such treatments could and probably do leach 
considerable amounts of nitrate-nitrogen from the crop root zone in addi­
tion to modifying the root environment in other ways. In view of this 
probability, studies using field lysine ters and shallow water tables 
have helped to assess the influence of excess moisture on corn production. 
Under lysimeter conditions neither nitrates nor toxic materials would be 
leached from the root zone. 
Williamson (1964), using sheltered and non-sheltered lysimeters, 
screened several crops for response to water table depths. Under condi­
tions of extremely poor aeration (6-inch water table), yields of grain 
sorghum, soybeans, cabbage, sweet corn, and dwarf field corn were re­
duced 25, 35, 40, 65, and 75 percent, respectively. Williamson pointed 
out that the highest yields for all crops in his experiments occurred 
when the average oxygen diffusion rate in the soil above the water table 
.„-8 . 2 
was approximately 15 x 10 g/cm^/min and that under these conditions 
yields were higher than those from most field experiments. 
Lai and Taylor (1969), also using lysimeters, found yields to be 
depressed by either shallow water tables (6- to 12-inches) or intermittent 
flooding (Figure 1). Early intermittent flooding (48 or 96 hours per week 
for 3 consecutive weeks) depressed yields more than constant shallow water 
il 
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Figure 1. Effect of constant water table (WT) depth, inter-
nitcent flooding, nitrogen, and zinc and copper 
levels on corn grain yields. (Lai and Taylor, 1969.) 
Surface and subsurface drainage studies 
Research has been conducted in Iowa and other corn belt states to 
determine the type of drainage systems most suitable for corn production 
under various soil and c iimatic conditions vfeer, David, and Shrader, 
1961; Beer, Johnson, and Shrader, 1965; Schwab, Kirkham, and Johnson, 
1957; Schwab et al., 1966; Triplett and Van Doren, 1963). General con­
clusions were that where spring rains are frequent and heavy, and soils 
are poorly drained, corn yields, especially under continuous production, 
have benefitted from some method of drainage. 
Schwab (1966) briefly discussed the attributes of surface, subsurfacf 
and comDinacion drainage methods and summarized the yield responses from 
several experiments on different drainage systems. An excellent example 
of drainage-alleviated excess moisture condition is given in Figure 2. 
I20r  
100 -
TOLEDO and FULTON 
NORTHERN OHIO 
O 
.o— 
cr  
o  
o 
1962 -  1964 AVERAGE 
— UNDRAINEO 
SURFACE DRAINED 
TILE DRAINED 
TILE and SURFACE 
DRAINED 
50 100 150 
NITROGEN APPLICATION in " "Vocr t  
2^ C 
Figure 2. Effect of drainage and nitrogen on corn yields 
(Schwab et al., 1966) 
About 150 lbs X/acre were needed to increase the yields on the undrained 
soil to those on the drained soils without X treatment; it is unlikely, 
.-O.veve^ , _. ^ ^ ^ Oil c tic uPiGraj_ned soil couj.g increase yields 
to equal the maximum yields of the Grained soils with X applied. 
Ooviously, for the soils used in this experiment, some type of drainage 
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is profitable. The decision to drain much land is not always so clear 
cut. Although artificial drainage may not be recommended for a soil, 
yield depressions can occur frequently but the expected losses may not 
be sufficient to offset the projected costs of an adequate drainage 
facility. 
Drainage not only provides a better environment for root growth 
because of improved aeration, temperature, and nutritional conditions 
but also permits more timely field operations which may be an important 
factor in obtaining yield increases. 
Chemical tr'isformations in submerged or poorly aerated soils 
Numerous microbially induced chemical transformations occur in soils 
as saturated conditions are approached. The changes are brought about 
as anaerobic microbial species, requiring electron acceptors for 
respiration, reduce certain soil constituents in reverse order of their 
oxidation-reduction potentials. Ponnamperuma (1955) has outlined the 
reduction, sequence as : 
Electrochemical reaction E ^ Sequence 
' o 
0^44H'-r4e 2R 0 0,83 0 
"-rH 0+2e ' NO "T20H" 0.43 I  
^ n C.41 II 
:-e (OH)^- e Fe~^+30K" -0.13 III 3 
re(OH)„-r e '. ?e vOH) -rOH -0.1 
J 
:H_CGC00H^2H'42e " CH.CHOHCOOH -0.18 IV J» J 
Ch„CH.G—2H -r2e ^ CH.CH^OH -0.19 
S0^"--rH^0-r2e ' ^  SO^'^-^ZGH" -0.49 V 
J 
14 
Electrochemical reaction E 7 Sequence 
o 
SO "^-i-3HgO-r6e ^ 
2H^+2e ^  
- S "-rôûH -0.20 
-0.42 
Scott and Evans (1955) polarographically monitored the depletion of 
dissolved oxygen in four Iowa soils (Figure 3). The recorder readings 
were used as a measure of dissolved oxygen; the initial reading for each 
soil corresponded to about 8 ppm dissolved oxygen in the air-saturated 
distilled water used in the experiments. Scott and Evans also found that 
with the addition of dissolved oxygen to a reduced system, a rapid initial 
increase in redox potential occurred, but thereafter a long lag occurred 
before the soils returned to their original oxidation state. 
As soil oxygen approaches depletion, dissimilatory nitrate reduction 
increases. Extensive literature exists on this topic because of its 
importance to rice production, nitrogen fertilizer losses, and potential 
subsurface nitrate accumulation. All evidence has indicated that dissim-
latory reduction occurs rapidly under most conditions (Greenwood, 1962; 
Mahendrappa and Smith, 1967; îfeek. Grass, and MacKenzie, 1969; Meek et al., 
1970; N'ommik, 1956; Patrick and Wyatt, 1964), Broadbent and Clark (1965) 
have reviewed various aspects of denitrification. Under field conditions, 
nitrate reduction rates may be expected to increase with an increase in 
readily metabolized carbohydrates, with an increase in temperature, and 
as saturated conditions are approached. Patrick and Wyatt (1964) have 
reported the time sequence for soluble soil nitrogen components, redox 
potential, and moisture content as evaporation progresses immediately 
fo-I-owing the submergence of soil in a laboratory study (Figure 4). 
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Figure 3. Poiarograph recorder readings showing the change in 
Gissolved oxygen after four different air dry soils 
were flooded witn air saturated distilled water 
(Scott and Evans, 1955) 
Nitrate concentration parallels changes in the redox potential. 
Froz cae reduction sequence given earlier, it is obvious that other 
elements are also transformed under high soil moisture contents. Lai and 
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Taylor (1970) devised the diagram shown in Figure 5 to show some qualita­
tive relationships between drainage conditions and nutrient uptake. The 
increases or decreases in uptake of many of these elements are not due 
directly to changes in their oxidation status, but arise from changes in 
concentrations of other ions, from changes in organic acid concentrations, 
and from changes in pH as the soil-water system becomes more reduced. In 
some cases the availability of the elements is altered; in other cases, 
toxic products alter root morphology, permeability, and selectivity. The 
nutrient concentrations at the extreme left of Figure 5 corresponded 
approximately to the relative nutrient contents of intermittently flooded 
plants; whereas, the concentrations at the extreme right approximated 
relative nutrient contents of plants grown in well drained lysimeters. 
Intermediate values corresponded to relative nutrient contents from 
lysimeters having 6- and 12-inch water tables. Corn yields obtained 
from these lysimeter treatments (Figure 1), reflected the altered mineral 
Another product occurring in a reduced soil system may be implicated 
in soil-root relationships. Recently, British scientists have found 
accumulations of physiologically active ethylene under waterlogged field 
conditions (Smith, 1969; Smith, Restall, and Robertson, 1970; Smith and 
Restall, 1971). In laboratory studies, ethylene evolution has been 
found to increase with a decrease in oxygen supply (Figure 6), to in­
crease with an increase in temperature (Figure 7), and to increase with 
an increase in organic matter (Figure 8). The possible importance of 
ethylene will be discussed in the following section which covers root 
behavior at low oxygen levels. 
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.gure 5. Diagram shoving qualitative relation between soil ûrainage 
status and nutrient uptake by corn. The width or each band 
represents relative uptake (Lai and Taylor, 1970) 
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Figure 6. The effect of different concentrations of oxygen in nitrogen 
on the quantities of ethylene evolved by suspensions of clay 
soil (Smith and Restall, 1971) 
Reduced soil conditions arise indirectly from the decrease in oxygen 
diiiusion rate which occurs as pore spaces become water-filled. Based on 
Cne iiiiiereaces in oxygen diffusion coeificients in water and air, the 
uiiiuiiion rate tnrougii water-filled pores is only 1/10,000 of the diffu­
sion raLc tiirougn air-liLled pores. Ai oxygen d 1 i' fus ion is a 
phys Lcaj process, its decrease under wcù condiL ions is of great bioiogicai 
i~portance because diiiusion is the principle mechanism controlling 
20 
V 30' 
• 25 
o 20 
Figure 7. The effect of temperature on the rate of evolution 
of ethylene from two soils. Top, Cault clay; 
bottom. Chalk loam (Smith and Restall, 1971) 
movement of oxygen to microorganisms and plant roots. Thus, not only is 
i.u; oxygen level depleted by biological activity as soil water con­
tent increases, but tiie rate oz oxygen replenisr.mcnt from the soil surface 
is diminished. 
21 
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Figure 8. The relationship between the quantities of ethylene 
evolved in 10 days and the content of organic matter 
in six waterlogged soils. A, sand; B, sandy loam; 
C, clay; D, basaltic loam; E, chalk loam; F, peat 
(Smith et al., 1970) 
In three years of field investigations on the influence of the 
oxygen diffusion rate on sugar beet production, Erickson and Van Doren 
(1961) found yields to be directly associated with rates measured early 
in the growing season. However, in the same study, no relation could be 
found between early season diffusion rates and corn yields over a two 
year period. These research workers reasoned that the diffusion rates 
22 
found under corn did not go below the presumed critical levels for corn 
in either year because of one or both of two factors: drainage was en­
hanced by the larger average pore sizes in the spring plowed corn plots 
than in the fall plowed sugar beet plots; and corn escaped much of the 
cool, wet early season by being planted later than sugar beets. 
Physiological studies involving root environments with low oxygen leveIs 
From a study of tobacco, tomato, and sunflower plants grown in pots 
under submerged conditions, Kramer (1951) concluded that while lack of 
water might explain leaf senescence, it could not adequately explain 
other observed physiological responses, viz., epinasty, hypertrophy, and 
adventitious root development. He reasoned that these symptoms are more 
likely to be associated with turgid growing tissue than with flaccid, 
wilted tissue. The following is a summary of what Kramer believed to be 
the mechanisms involved in plant deterioration under waterlogged condi­
tions: after flooding, a rapid decrease in the rate of transpiration 
occurs followed by an increase above normal; this high rate is in turn 
followed by a gradual decrease (Figure 9); the initial decrease appears 
to be induced by high carbon dioxide levels; the subsequent increase 
occurs because root cells die, reducing resistance to water absorption; 
cell death occurs either from inadequate oxygen for respiration or from 
reduced resistance to soil-borne pathogens or from both factors simul­
taneously; the prolonged period of gradually decreasing transpiration 
occurs because debris from decaying tissue plugs xylern vessels; and the 
rapid physiological responses are due to altered patterns of plant hormone 
and carbohydrate mecabolisn, and to toxic products evolved from microbial 
23 
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Figure 9. Effect of flooding on transpiration of tomato plants. 
Plotted values are the averages of six plants grown 
in the greenhouse (Kramer, 1951) 
activities under anaerobiosis. Kramer also noted that the chlorosis ob­
served on lower leaves occurred too rapidly to be caused by nutrient 
deficiencies. 
Fulton and Erickson (1954), in a study of short term flooding on 
tomatoes, found that tomato foliage and fruit yields were depressed for 
those plants grown in submerged soils and, moreover, that the magnitude 
of the yield reduction increased with the severity of oxygen stress. 
They suggested that the injury caused by severe short term flooding was 
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due to ethanol toxicity and to the diversion of respiratory metabolism 
from normal aerobic pathways to inefficient fermentation pathways. Al­
though they found no sharp break between completely aerobic and completely 
anaerobic respiration in this study, ethanol appeared in the xylem exudate 
when oxygen diffusion rates, measured 2 cm beneath the surface, fell below 
38 X 10 g/cm /min. Ethanol accumulation increased sharply when the 
~8 2 diffusion rate fell below 20 x 10 g/cm /min. Tracer studies with carbon-
14 indicated that the citric acid cycle in the root was inhibited under 
submerged conditions. The detection of ethanol lends support to Kramer's 
concept of flooding injury. 
Considerable debate has occurred over the relative importance of 
carbon dioxide toxicity and oxygen deficiency to changes in root permeabil­
ity (Black, 1968). ICramer and Jackson (1954) reported that forced addi­
tion of carbon dioxide to tobacco roots growing in pots at field capacity 
caused severer wilting than either flooding of the pots or forced addition 
of nitrogen at the same water content. 
Williamson and Kriz (1970), using soil culture, mist culture, and 
flooding techniques, demonstrated that high carbon dioxide levels were 
not very injurious to corn roots provided some oxygen was available. On 
the other hand, similar studies indicated that roots of Vicia faba L. 
(hcrsa bean) were very sensitive to high carbon dioxide concentrations 
but not to zero oxygen levels. Tobacco roots were sensitive to zero 
oxygen but insensitive to carbon dioxide if the oxygen level was main­
tained at a minimum concentration of 2.5 percent. Cotton roots were 
sensitive zo low oxygen levels but a root environment of 1 percent oxygen 
plus 20 percent carbon dioxide and 79 percent nitrogen did no more damage 
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than 1 percent oxygen and 99 percent nitrogen. Moreover, Williamson and 
Kriz pointed out that carbon dioxide rarely accumulates to toxic levels 
in soil, and therefore concluded from their investigations that, unless a 
species is very sensitive to low carbon dioxide concentrations as in 
Vicia faba L., root injury caused by excess moisture is most likely due 
to the absence of oxygen. 
Black (1968) pointed out, however, that an analysis of soil air for 
oxygen and carbon dioxide concentrations may not reflect the actual root 
environment because of two factors. Firstly, since carbon dioxide is more 
soluble in water than oxygen, the proportions of oxygen and carbon dioxide 
in air and water will be different. Secondly, carbon dioxide is produced 
in the root tissue and rhizosphere and must diffuse through water films 
of varying thicknesses to reach airfilled pores. Therefore, since oxygen 
must diffuse to the root and rhizosphere over a pathway opposite to carbon 
dioxide movement, faulty conclusions can be drawn about carbon dioxide 
toxicity and oxygen deficiency when gas levels are based on soil air 
analyses. Thus, critical levels of oxygen and carbon dioxide will depend 
on soil jioisture content and other physical factors which govern water 
film thickness and diffusion rates, and also on plant species, as the 
investigations of Williamson and Kriz have indicated. 
Recently, Smith and Robertson (1971) demonstrated the importance of 
ethylene in root growth inhibition. with plant roots growing in contact 
with filter paper dipped in culture solution, 1 ppm ethylene treatments 
were applied to the roots of several cereals. Of the temperate species, 
rye was least and barley most affected by the presence of ethylene (Table 
4). Responses of roots of different rice varieties were quite variable; 
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some were strongly inhibited and others were slightly stimulated at 1 ppm 
ethylene. An ethylene concentration of 10 ppm caused barley root exten­
sion to cease by the end of a three day period, resulting in profuse root 
hair growth within 1-2 rm of the swollen apexes. 
Table 4. A comparison of the effect of ethylene on the root extension of 
different species. Roots were exposed for three days to air 
containing 1 ppm of ethylene (Smith and Robertson, 1971) 
Root extension 
Species (% of control) 
Rye 75 
Wheat 67 
Oats 55 
Bar ley 45 
Rice 55-100 + 
Smith and Restail (1971) concluded that ethylene may be a significant 
factor in the injury to plants under submerged conditions and in situa­
tions where anaerobic pockets occur in the predominately aerobic soil 
matrix, provided gaseous exchange is impeded sufficiently to allow active 
levels to accumulate near plant roots. Kramer (1969) also implicated 
ethylene ia waterlogging injury and noted the similarity of leaf symptoms 
in his earlier work and the leaf tissue responses to ethylene treatments 
found by Williamson (1950). 
Although the influence of ethylene has not yet been widely tested, 
these early results may help explain some of the conflicting conclusions 
drawn from investigations of plant growth and soil aeration. As noted 
earlier, much of the contention centered around critical soil oxygen or 
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carbon dioxide percentages or critical diffusion rates. Figure 10 shows 
that very little difference in root extension occurred when a two percent 
carbon dioxide concentration was applied to barley root systems (Smith 
et al., 1970). However, when 1 ppm ethylene was included with the carbon 
dioxide treatment, marked inhibition resulted. At 20 percent carbon 
dioxide, root extension was diminished by more than 50 percent but an 
even further reduction occurred when 1 ppm ethylene was added. Because 
carbon dioxide and ethylene would accumulate under similar field condi­
tions , either or both could alter root growth and development. 
Another physiological change occurring in poorly aerated root 
systems is associated with mineral nutrition and toxicities. Ionic up­
take mechanisms are linked to metabolic processes; thus, reduced uptake 
of mineral nutrients should be expected under excess moisture conditions 
as root respiration is reduced. As noted earlier, Lai and Taylor (1969, 
1970) who found reduced uptake under wet conditions also observed that 
roots Subject to excess moisture conditions were ?ore fibrous and darker 
in color than well aerated roots. They implicated carbon dioxide ex­
cesses as a cause of increased root suberization and speculated that the 
resulting reduction in active root surface was a factor in limiting 
nutrient uptake. They also stated that inadequate aeration may inhibit 
the translocation of elements within the plant. Earlier, Shapiro et al. 
(1956) found increased ion percentages in corn roots grown under reduced 
soil oxygen levels but decreased ion percentages in plant tops and they 
also concluded that translocation was inhibited by poor aeration. They 
noted that reduced shoot phosphorus levels were c: particular importance 
in explaining reduced dry matter yields associated with low soil oxygen 
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system of cortical tissue passages. The passages apparently form by the 
collapse and parting of dead cells as the root tissue enlarges. Luxmoore 
and Stolzy (1969), by using high and low aeration treatments and by 
measuring the porosities of primary and adventitious corn roots at two 
harvest times, found that a decrease in oxygen supply to the roots tended 
to be correlated with greater porosities but no real effects could be 
shown. They found primary roots to be less porous than adventitious roots, 
and older roots to be more porous than younger roots. The relative impor­
tance of the root pore spaces in supplying oxygen required for optimum 
respiration is not known. However, these internal air passages must 
provide some of the respired oxygen although they do not completely 
eliminate a need for soil supplied oxygen. The importance of soil supplied 
oxygen is evident because Luxmore and Stolzy found lower root and shoot 
yields at the lower soil oxygen levels although they observed no real dif­
ferences in root porosities under the two aeration treatments. 
Luxmoore, Stolzy, and Letey (1970a. 1970b. 1970c) devised a maths-
matical model to simulate oxygen supply to the root which provided for 
oxygen fluxes down through intercellular gas spaces and in through water 
films encasing the root simultaneously, and for respiratory consumption 
of oxygen within the root tissue. Permeability, respiration, and porosity 
measurements made on corn roots grown in water cultures, were used for 
model computations. Model analysis suggested that in the upper root 
sections, where root wall permeability is low because of suberization and 
intercellular porosity is high because the cortical tissue is older, most 
of the respired oxygen was supplied by diffusion through the intercellular 
air spaces. In the lower, younger root sections near the tip, where root 
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wall permeability is high and intercellular porosity is low, most of the 
respired oxygen was supplied by diffusion through water films surrounding 
the root. Since cell division occurs at the root tip, and nutrients and 
water are taken up in greatest quantities through the region extending 
1-2 cm behind the root tip, the soil-supplied component of root oxygen 
naist be important for continued vigorous shoot and root growth. The 
results of this model analysis also indicated that translocation from the 
root should not be as adversely affected as nutrient uptake if reduced 
root respiration is the principal factor hampering ion movement in the 
tissue. 
Disease-soil aeration studies 
In a review, Bergman (1959) stated that "it is not known whether 
excess soil water, by adversely affecting the host, makes it more 
susceptible to infection by parasitic fungi or whether it merely provides 
an environment favorable, or even necessary, for growth of the infecting 
fungus." However, he concluded that reduced oxygen levels most likely 
cause cell death by obstructing normal respiratory pathways and that 
pathogenic invasions occur after loss of cell membrane integrity. 
Grable (1966), in a review of several papers on the subject, found 
reports of increased and decreased disease incidence under excess moisture 
conditions. Apparently characteristics of the host and the pathogen deter­
mine the effect of high soil moisture levels on disease incidence. Apart 
from the aeration effect, high water contents may be required for the 
dispersion and germination of spores, and for the flow of exudates away 
from root surfaces. Grable considered the relationship between soil 
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aeration status and microbial pathogens to be one of the most important 
and, at the same time, least understood aspects of all the influences of 
deficient oxygen on root growth and function. 
Investigations by Williamson (1950) showed that, for several species 
at least, ethylene was produced by living tissue in response to injury, 
and furthermore, the injury produced by pathogens was sufficient to induce 
ethylene production. Thus one might speculate that low oxygen levels, 
while causing reduced nutrient and water uptake initially, could have a 
more profound effect by providing a breach in the mechanisms of protec­
tion against pathogenic invasions. Once invaded, sonie parts of the root 
system might remain in a state of decay, and yet retain an intact vascular 
system for some brief period after the soil has returned to an aeration 
status capable of supplying oxygen for normal root functions. Ethylene 
evolved from the injured tissue could be carried in that portion of the 
transpiration stream which moves easily through the diseased portion of 
the root system. If the portion of infected root vere largs ancugh, 
surficient ethylene could be evolved to cause the symptoms observed under 
excess moisture conditions. If the invading organisms were not parti­
cularly virulent, the infected roots would atrophy as they became cut off 
from the remaining root system by debris clogging the vascular system 
above the infection. In most respects this sequence of events is similar 
to and compatible with the sequence of flooding injury as given by Kramer 
(1951). 
In concluding this review of the evidence of excess moisture effects 
on crop growth and yields, a few readily accepted general statements can 
be made. 
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Corn yields can be reduced by excessive moisture, and the critical 
period for yield reduction occurs in the early part of the season when 
the root system is small and mostly near the surface. However, the actual 
causes of yield decreases are not well understood. 
Low soil oxygen levels can reduce root respiration and, therefore, 
root growth and functions. Depletion of oxygen leads to reducing condi­
tions and alters the chemical characteristics of the soil markedly. 
Toxic products, either of microbial or plant origin, are no doubt impor­
tant at tiroes as are alterations in the availability of mineral nutrients. 
Decreases in root system extent, and changes in root morphology and 
function may be of major significance. Also, the likelihood is that 
many factors operate simultaneously and in interconnected ways, making 
simple causal statements faulty and misleading. 
For purposes of model development specific causes need not be ascribed 
for yield reductions. The important task is to define the conditions 
under which yields are reduced in order to detect them in. c. model simu­
lating the air-water environment of a root system. Discussion of 
methods employed to arrive at indexes for excess moisture conditions 
will be given in the chapter covering model adaptations and modifications. 
Yield Reductions Caused by Inadequate Moisture 
This section contains four divisions. In the first division, the 
soil-plant-atmosphere moisture continuum is briefly reviewed. In the 
second division the development of internal water deficits in plants is 
described. The third division briefly examines the significance of 
internal water deficits on physiological aspects of plant growth and 
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metabolism. In the final division, some experimental work relating re­
duced moisture availability to reduced com yields are reviewed. 
The soil-plant-atmosphere continuum 
Only a brief review of these subjects will be presented here, since 
excellent discussions of all or portions of this material have been pub­
lished recently in the following references: Agricultural Physics, (Rose, 
1966) ; An Introduction to the Physical Basis of Soil Water Phenomena, 
(Childs, 1969); Plant and Soil Water Relationships : A Modern Synthesis, 
(Kramer, 1969); Plant-Water Relationships, (Slatyer, 1967); Soil and 
Water Physical Principles and Processes, (Hillel, 1971); Soil Water, 
(Nielsen et al. (ed.), 1972); and Water Deficits and Plant Growth, 
Volumes I and II, (Kozlowski (ed.), 1968). 
A discussion of the soil-plant-atmosphere continuum is readily 
divided into its three components. Reference to an electrical analog 
diagram (Figure 11) will help to locate each component and to determine 
its funccion in the complete system. Elements of this diagram have been 
abstracted from Cowan (1965) and Rose (1966). 
The analogy between water flow through a soil-plant-atmosphere 
system and electron flow through an electrical circuit is derived from 
the similarity of the flux-impedance-potential relationship which applies 
to both systems : the rate of flow between two points increases with an 
increase in the potential difference between the points. The analogy 
between Ohm's Law, I = S/R, and the law governing moisture flow is not 
rigorous because impedance to moisture flew may be a function of water 
potential. The soil-plant-atmosphere analog may be written as q = 
-k(dY/dz) where q is moisture flux, V is water potential, z is distance 
Figure 11. Soil-plant-atmosphere continuum electrical analog diagram. 
Legend : 
I. Water table 
II. Soil water capacity below root zone 
III. Soil water capacity in root zone 
IV. Soil in vicinity of plant roots 
V. Root cortex and secondary roots 
VI. Xylem vessels in primary roots 
VII. Xylem vessels in stems 
VIII. Leaf xylem vessels and mesophyll tissue 
IX. Cuticle, stomata1, and substomatal cavities 
X. Leaf boundary layer 
XI. Vapor path in leaf canopy 
XII. Vapor path in free atmosphere 
• Constant resistance 
Variable resistance 
—If— Water capacitance or storage 
—Hi** Ground water supply 
# Phase change, liquid to vapor 
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measured along the path of flow, and k is a conductivity coefficient 
corresponding to the reciprocal of impedance. 
Darcy's Law, q = -K(0)dC>/dz, is used to apply the flux-conductance-
potential concept to soil water movement. The hydraulic potential, 0, 
is the sum of water potential, V, and gravitational potential, 4z. 
Hydraulic conductivity, K, is a function of hydraulic potential. Under 
saturated conditions, soil water potential gradients are negligible and 
gravitational potential predominates, i.e., 0 Uhder the conditions 
of interest in this section, soils are assumed to be sufficiently drained 
so that gravitational potential is negligible, i.e., î = Y. The typical 
behavior of K versus water potential for light and heavy textured soils 
is shown in Figure 12. However, the relationship between K and V is not 
quite single-valued as implied in Figure 12; the actual value of K at a 
given Y depends on the recent wetting and drying history of the soil. 
The non-uniqueness of K and Y is caused by changes in the cross sectional 
area and tortuosity of the water flo^' path as i-jater noves into cr cut cf 
the soil matrix. A generalized soil moisture characteristic curve 
is shown in Figure 13; this curve illustrates the hysteretic effect 
of wetting and drying. Under desorptive conditions, a greater soil moistu 
content is obtained for a given soil water potential. Because moisture 
movement in unsaturated soils occurs principally through the small satu­
rated pores and continuous water films adhering to soil particles, hydrau­
lic conductivities for equal water potentials are expected to be greater 
for soils which are losing moisture than for those which are gaining it. 
In the soil component of the soil-plant-atmosphere continuum, three 
factors pertaining to the regulation of moisture availability must be 
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Figure 12. Hydraulic conductivity as a function, of soil water 
pocenciai for heavy and light textured soils (log-
log scale) 
considered. Firstly, at any one instant the soil stores, as some fraction 
of total water capacity, a given supply of water. Secondly, the soil 
physical properties and the soil moisture level jointly determine the 
rate at which an increment of the given supply of water can be trans­
mitted to tiie root system (or soil surface). In terms of Darcy's Law, 
soil physical properties and moisture levels determine both K and dV/dz. 
After an increment of water has been removed and the moisture level 
reduced, K and dV/dz are altered. Hence, the soil moisture system is 
38 
LU 
H-
O 
O. 
O 
oc. 
t— 
W A T E R  C O N T E N T  
S o r p t i  o n  
D e s o r p t i o n  
I  ^ \ CrCt o "*• 4 "7 d fi C'"*"'  ^ —— <-»•* c  ^^   ^ — - . ~- - - -
illustrating hysteresis. The intermediate loops 
are "scanning curves," indicating transitions be­
tween the main branches 
dynamic because water extraction changes the transmission characteristic 
for further moisture movement. A variable resistance to flow is found i 
the soil, i.e., the resistance changes with changes in water potential. 
Thirdly, soil physical properties, in conjunction with soil moisture 
levels, determine how rapidly and how completely the root zone moisture 
will be recharged from water located deeper in the soil or from a free 
water table if one occurs. Similar factors also govern soil water 
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recharge from rainfall and irrigation water by influencing rates of infil­
tration, rates of wetting front advance, and rates of redistribution of 
infiltrated water. The recharging phase of the total moisture regime be­
neath a crop is very complex and, like water movement to roots, highly 
dynamic. Nielsen et al. (ed.) (1972), Childs (1969) and Hillel (1971) have 
discussed infiltration and redistribution of water in detail. 
Special note should be taken of soil moisture changes in the vicinity 
of the plant root. Using a mathematical model analysis. Cowan (1965) 
showed that steep moisture and potential gradients must be obtained in the 
vicinity of the root if a given flux is to be maintained as the moisture 
content of the bulk soil decreases (Figure 14). The steep potential 
gradient is necessary to overcome the reduction in hydraulic conductivity. 
Under dynamic conditions, relative changes in (a) the reduction of hydrau­
lic conductivity and (b) the increase in water potential gradient, deter­
mine how much water will flow to the root in response to an atmospheric 
demand. If hydraulic conductivity decreases more rapidly chan potential 
gradient increases, flow will be diminished (Lang and Gardner, 1970). 
Therefore, the movement of water to roots growing in a somewhat dry soil 
is regulated to a great extent by flow resistance through the final few 
millimeters to the root surface. 
Various organs of the plant influence resistance to water movement. 
Temperature reductions and decreases in oxygen cause increases in water 
flow resistance, and the increases are due to increases in root permeabil­
ity (Slatyer, 1967). However, the relative importance of changes in root 
permeability versus increased resistance due to water extraction from the 
soil near the root is not clear. The relative importance of root and soil 
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Figure 14. Variations of soil water corcentraticn, r, and the 
corresponding variations of matric potential,T, 
with radial distance, r, from a cylindrical root, 
radius 1 mm, under conditions of steady state flow. 
The entry velocity of water at the root surface is 
2.5 mm day. Curve numbers refer to the following 
arbitrary levels of water concentration at a dis­
tance of 8 ma from the root: (1) 0.20; (2) 0.185; 
(3) 0.17; (4) 0.155 ctn^/cm3 soil (Cowan, 1965) 
resistances on water uptake also depends on the extent of the root surface 
area. As the surface area increases, less water is extracted per unit 
area for a given transpiration rate. In this case, a hydraulic conducti­
vity decrease is not likely to becoT?.e a factor in establishing transpira­
tion rates until bulk soil moisture becomes limiting. 
41 
Water moving out of the roots through large vascular bundles and 
then through mesophyll tissue encounters little resistance. A phase 
change from liquid to vapor occurs at the surface of mesophyll cells, 
and at this point, resistance to vapor diffusion increases substantially 
although it is quite variable. Water can move to the leaf exterior by 
going through the cuticle or through the substomatal air space and the 
stomatal aperture. Stomatal cross-sectional area determines the total 
resistance to moisture movement from the mesophyll surfaces to the 
boundary layer outside the leaf. The physiological controls regulating 
guard cells are not fully understood; under field conditions, they 
differentially distend when turgid, increasing the stomatal aperture and 
thereby reducing total diffusive resistance. As moisture flow from the 
soil decreases relative to atmospheric demand, turgidity decreases, total 
resistance increases, and transpiration decreases. 
All plant tissues have some capacity to store water in excess of the 
amount required for efficient activity and to release this water if =. lag 
in uptake occurs as the transpiration rate increases or water supply 
diminishes. The degree to which such internal storage occurs might be 
important for offsetting short period moisture deficits. 
The atmospheric conditions within and above a crop canopy influence 
transpiration in several ways. Water moves through the leaf boundary 
layer by molecular diffusion in response to a vapor pressure gradient. 
However, the thickness of the boundary layer depends on the wind 
conditions above the crop, the roughness characteristics of the crop 
surface, and the nature of individual leaf surfaces. An increase in 
wind speed shortens the molecular diffusion path by reducing the boundary 
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layer thicknesses. Furthermore, since higher wind speeds increase the 
rate of turbulent transfer, water vapor pressure near the leaf surface 
is reduced, resulting in a steeper gradient between the mesophyll tissue 
and the free atmosphere. Since the influence of air movement on boundary 
layer resistance is very pronounced, the relative contribution of stomatal 
resistance to total diffusive resistance will depend on the degree of wind-
induced alteration of the layer. Observations of Bange (Figure 15) showed 
that when air was moving over the leaf increased stomatal apertures led 
to reduced total diffusive resistance and, as a result, leaf transpiration 
rates increased. In the case of still air conditions, boundary layer 
resistance dominated total leaf resistance and, therefore, stomatal 
apertures exceeding five microns had little influence on transpiration 
rates. 
From normalized wind profiles calculated by Saito (1964) from corn 
canopy observations, it is apparent that an increase in wind velocity at 
the crop surface causes a general velocity increase down through the 
canopy (Figure 16). Therefore, the contribution of boundary layer resis­
tance to total diffusion resistance will increase with depth below the 
canopy surface. Saito (1964) also calculated estimates of turbulent 
diffusivity for momentum within the canopy for several canopy surface 
wind speeds (Figure 17). The diffusivity within the canopy increased 
from the ground upward, and also increased as wind velocity at the crop 
surface increased. If the assumption is made that turbulent diffusivities 
for momentum and water vapor are approximately equal, then the rate of 
water vapor movement from individual leaves toward the canopy surface 
w:il increase with distance above the ground. Hence, transpiration 
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As deiinec by Siatyer ; L967 ) the phrase ''internai •.-.•ater deficit" 
"cans that trie -.v-ater potential of a portion of the plant has fallen below 
tne rererence value of zero. For crop growth under normal field condi­
tions, s one degree of internal water stress ~.ust occur to drive a tran-
spirational flu:-; thrci;:;n ti:c plants. 
Siatyer iias show--; in a sc::cr.at i.c way, how diurnal changes cause 
progressively greater deficits to occur in. response to atmospheric demand 
(Figure 18). His diagram depicts an artificial situation in which evapora­
tive conditions are uniform during each daylight period and insignificant 
at night. Moreover, the conditions for which Slatyer has described the 
development of internal water deficits also assume that the crop has a 
limited root volume and is without an ability to extend toward more 
available water. Under Slatyer's initial conditions, the plants have 
been well watered, with leaf, root, and soil water potentials equal to 
zero. In response to evaporative demand on the first day, leaf potentials 
have rapidly decreased because of a lag in transmission of water from the 
soil through the plant to the atmosphere. Some loss of leaf turgor has 
occurred but only to a minor degree. As can be seen in Figure 14, a small 
potential gradient between bulk soil and the root surface is adequate to 
maintain water flow under moist soil conditions. At some potential differ­
ence between leaf and soil a nearly steady transpiration rate has been 
approached and the development of further potential differences has nearly 
ceased (Figure 18). From this point, only a gradual increase in potential 
difference was necessary to offset the diminishing conductivity near the 
roots. 
With the onset of darkness and rcduced atmospheric demand, leaf 
potential has rapidly approached the soil potential as the absorption lag 
decreased (Figure 18). For the next two days the cycle was repeated, but 
the decrease in root potential has become more pronounced as the bulk soil 
becomes drier. The degree and duration of turgor loss has increased and 
the time required to o-vercome the absorption lag has also increased. On 
the fourth day, leaf potential has dropped sufficiently to cause stomatal 
47 
toil 
- 5  
0 : 
1  - ' O k  
! ! 
^ ' 
I 
- 2 0 t  
1  2  3  4  5  6  
Time (doys) 
Figure 18. Schematic representation of changes in leaf water 
potential (V leaf), root surface water potential 
(V root) and soil water potential (V soil) as trans­
piration proceeds from a plant rooted in initially 
wet soil (Y soil) = 0). The same evaporative condi­
tions are assumed to prevail each day. The horizon­
tal dashed line indicates the va"!ue of Y leaf at 
which wilting occurs (Slatyer, 1967) 
closure with a concomitant increase in resistance to vapor diffusion . 
The transpiration rate has been rapidly reduced, but water uptake has 
continued so that the transpiration rate is a compromise between atmos­
pheric demand and soil water supplying ability. 
Up to this stage of development, the transpiration rate has been 
governed principally by atmospheric demand. Henceforth, the rate will be 
controlled mainly by the stomata 1 mecnanism as it responds to diminishing 
•'"The critical potential for determining stomacal closure has been 
arbitrarily set at -15 atmospheres Tor this discussion. 
soil water transmission rates. 
On the fifth day, the leaf potential has again dropped rapidly and 
turgor has been further reduced. The stoiaatal mechanism has reduced 
transpiration but the absorption lag has not been overcome during the 
night. The soil water potential has dropped below -15 atmospheres, and 
therefore, by the water potential theory of moisture movement through 
the soil-plant-atmosphere continuum, permanent wilting has occurred. 
Continued, unalleviated atmospheric demand would further increase the 
internal water deficit. 
Although the general principles are applicable to field conditions, 
this description of internal water deficit development is for rather 
artificial circumstances since the initial soil moisture was fixed and 
root growth toward more available water was not considered. Moreover, 
strong, uniform atmospheric demands were repeated for each day. 
The significance of internal water stress on plant processes 
Internal water stresses cause numerous alterations of plant processes 
with most of these alterations being potentially detrimental to crop 
yields. Many changes in the processes falling within the scope of this 
topic are incompletely understood; neither has any assessment, aside from 
speculation, been made of their importance to yield reductions under field 
conditions. Therefore, the influence of internal water deficits on sub­
cellular activities such as nucleic acid synthesis, protein synthesis, 
growth regulator synthesis and functions, dark respiration, photorespira­
tion, and polysaccharide metabolism will not be directly discussed. In 
general, temperature and hydrature sensitivities of the macromolecular 
components of these processes will determine how important each is in 
decreasing yields. Some evidence indicates that rates of certain proc­
esses can be changed substantially by small temperature fluctuations, 
but dehydration must be pronounced before any appreciable alterations 
occur. Slatyer (1969) has presented a more detailed discussion of recent 
research on these subjects. 
The influence of internal water deficits on the grosser plant activi­
ties, which are integrations of the same subcellular processes cited in 
the previous paragraph, have been well documented. The growth processes 
of cell division, vegetative and floral primordia initiation, and cell 
enlargement are sensitive to moisture stress. Cell division may continue 
at a reduced rate during moderate stresses, although under severe stress 
the rate is drastically reduced (Slatyer, 1967). If slight or moderate 
stresses are prolonged, developing organs may have nearly the same number 
of cells but be smaller than organs of unstressed plants. If stresses are 
of short duration, with relief coming before cell maturation, organ size 
will not be severely reduced. 
Cell enlargement depends on an increase in water for extension, 
with each cell having some potential size in the fully developed organ. 
Loomis (1934) found that short daily stresses imposed during the day by 
direct exposure to sunlight did not check corn growth appreciably because 
late in the day and at night when stress was relieved, rapid cell enlarge­
ment overcame decreased daytime extension. On days of low sunlight, water 
deficits were not sufficient to reduce daytime enlargement rates. 
Slatyer (1969) reviewed research on primordial initiation under stress 
conditions. Kis review has indicated that apical meristems are sensitive 
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to water deficiencies, and that initiation generally ceases if a sub­
stantial stress is imposed. Upon relief, initiation continues with only 
uinor differences in the final primordia numbers found on stressed and 
unstressed plants. In his review, Slatyer also noted that the stage of 
development at which the transition from foliar to floral initiation 
occurs can be modified slightly by a stress imposed shortly before the 
normal transition stage. If vegetative development has progressed 
sufficiently to produce a floral stimulus, floral initials will form in 
place of leaf initials after the stress has been relieved and potential 
vegetative development will be somewhat reduced. 
Inasmuch as reduced growth during a stress period can be partly 
overcome by increased post-stress cell enlargement, by resumption of 
primordia initiation, and by increased leaf size, the effective photo-
synthetic leaf surface area of a stressed crop can be comparable in size 
to the area of an unstressed crop. These compensating factors can explain 
the minor yield depressions observed by Claassen and Shaw (1970b) when 
moderate stresses were imposed during early vegetative growth stages 
(Figure 19). However, if stress has been prolonged and intense, yield 
reductions will be appreciable because of a reduced photosynthetic 
surface and delayed plant development. 
Stresses during the period surrounding anthesis have reduced corn 
yields more than stresses at any other time (Claassen and Shaw, 1970b; 
Denmead and Shaw, 1960; Robins and Domingo, 1953). Reduced style 
elongation, dehydration of pollen grains, and impaired growth of the 
pollen tube from the stigma to the ovule are all possible causal factors 
for pronounced yield reductions due to stress at this critical stage. 
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Figure 19. Final grain yield in dry weight per plant as 
influenced by time of water deficit in comparison 
with irrigated control plant yield. Tne top 
diagram is 1965 data, the bottom is 1966 data 
(Claassen and Shaw, 1970b) 
Slatyer (1969) has speculated that wilted styles, by hampering pollen 
germination or growth of pollen tubes, may be most responsible for yield 
reductions when a stress occurs when pollen is shedding. Field observa­
tions suggest, however, that silk emergence is delayed too far past the 
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period of pollen shedding to obtain maximum ovule fertilization when stress 
occurs during the anthesis interval. 
For slight to moderate stresses, stomatal closure is believed to be 
the principal factor for reducing photosynthesis, since closure also 
increases resistance to carbon dioxide diffusion. Yield decrements caused 
by grain filling period stresses are most likely the result of reduced 
photosynthate production during such moderate stress intervals. Stomatal 
closure also causes leaf temperatures to increase slightly, and since 
respiration is temperature responsive, additional carbohydrate is respired. 
Under severe stress conditions, photosynthesis may be further reduced by 
an increase in mesophyll resistance. In addition to being decreased by 
reduced carbon dioxide supply, photosynthesis during filling can apparently 
be diminished by feedback inhibition and reduced sink demand. 
So far only aerial portions of the plant have been discussed in 
relation to stress-induced physiological changes. However, the root 
system is also affected by moisture deficits; but because roots have 
first priority on water, they will be less responsive to stress than 
the aerial portion of the plant (Brouwer, 1962). For example, Harris 
(1914) found that corn shoot/root yield ratios decreased as water became 
limiting, but absolute root yields were also reduced. Furthermore, 
Newman (1966) found that roots growing in volumes of slightly moist soil 
continued to extend, although their overall growth rate declined. 
Slatyer (1969) has noted that with reduced soil water availability, 
the root surface area near the tip becomes smaller because the rate of 
ceil division and elongation diminishes more rapidly than the rate of 
suberization. Consequently, water and mineral uptake must be hampered 
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by reduced active root surface area. Moreover, the immediately available 
amounts of those minerals, whose concentration in solution is determined 
principally by solubility, decrease as soil water content decreases, 
further compounding nutritional problems. For example, Olsen, Watanabe, 
and Danielson (1961) found phosphorus uptake to be a linear function of 
soil water content for a given soil. Additionally, profile distribution 
of potentially available minerals does not always coincide with the soil 
moisture profile; thus, root systems, when actively developing in moister 
sub-surface layers of soil, may not be extracting available nutrients from 
the plow layer. Therefore, depending on the profile of available mineral 
nutrients, on the distribution of roots with time and depth, and on the 
moisture regime during the season, nutritional status of the crop may be 
less than optimal for some stage of development. 
Field studies incorporating weather factors in yield analyses 
Many studies have been made of meteorological influences on crop 
yields; several of these studies are discussed to demonstrate the types 
of variables which have been used to account for the effect of weather 
on yields. 
Thompson (1966) analyzed average annual corn yields for several mid-
western states by using time trends and weather factors as independent 
variables in regression models. He concluded that total July rainfall 
and mean August temperature were the most important weather factors 
influencing average yields in Iowa. He suggested that total rainfall in 
the thirty days centered on silking vas of prime importance for deter­
mining yields. 
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Oury (1965), in analyzing annual midwestern regional corn yields from 
1890 to 1956, compared three regression models by using total rainfall 
(P) and average temperature (T) for the June through August period to 
generate independent weather variables. The first model used P and T as 
an unaltered set of weather variables. The second model used the 
de Martonne index, P/(T+10), as a single weather variables, where P was 
in millimeters and T was in degrees centigrade. The third model used the 
T 
Angstrom index, P/1.07 , as a single weather variable, where P and T were 
in millimeters and degrees centigrade, respectively. Oury concluded that 
both indexes were superior to a set of rainfall and temperature variables 
because the indexes did not suffer from multicollinearity, and therefore, 
their coefficients were more significant and more easily interpreted. 
Furthermore, analysis with either index used one less degree of freedom. 
Houseman (1942) used third degree orthogonal polynomials to fit a 
distribution of 5-day rainfall totals and a distribution of 5-day maximum 
temperature averages for a 27 year period. The 5-day intervals began cr. 
May 16 and ended on August 28. The 27 sets of eight coefficients, four 
from each distribution function, were then used in a regression equation 
with corn yields as the dependent variable. Houseman's results indicated 
that the rainfall distribution gave no information about yield in addition 
to that given by temperature. 
Pesek, Heady, and Venezian (1967) derived weather indexes from rain­
fall and temperature data to obtain separate weather indexes for each of 
three locations from which data were combined into a generalized ferti­
lizer production function. The indexes for each location were found by 
using rainfall and temperature deviations as independent variables in an 
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equation with the average corn yield of all plots at each location as the 
dependent variable. The rainfall variable for each season was calculated 
by totaling only the negative deviations of rainfall frcxn estimated normal 
rainfall for six 10-day intervals during July and August. If no rainfall 
occurred during a 10-day interval, the deviation for that interval was 
given double weight. To obtain a temperature variable for each season, 
deviations of monthly average maximum temperatures from estimated normal 
average maximum temperatures were calculated for July and August. Only 
positive July and August deviations were combined to form the yearly 
temperature variables which were then used to derive the regression equa­
tion for each location. If either of the resulting coefficients for 
rainfall or temperature ware small and had the wrong sign, it was elimi­
nated. To calculate the weather indexes for each location, constant 
terms obtained in the regression equations were dropped and signs were 
changed on rainfall and temperature coefficients. By using negative rain­
fall deviations and positive temperature deviations in constructing thz 
indexes, an implicit assumption was made that only hot and/or dry weather 
influenced yields. Furthermore, the deviations can be expected to be 
sufficiently correlated to cause coefficient interpretation and testing 
problems. 
Indexes for each year and each location were obtained by entering the 
annual rainfall and temperature deviations back into the three altered 
regression equations. Regressions of corn yields on the weather indexes 
and fertilizer and soil variables were calculated. The index regression 
coefficients obtained in these regressions were highly significant and 
fertility-index interactions were also significant in some cases. 
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However, chance variation and interactions of weather factors and soil 
physical characteristics might also be embodied in the index because of 
the method by which it was obtained. 
In Kentucky, Engelstad and Doll (1961) and Doll and Engelstad (1962) 
investigated the effects of weather on corn responses to P and K applica­
tions. In their regression analysis, weather differences were accounted 
for by a single factor: June plus July rainfall. For both nutrients, 
the rainfall-nutrient interactions on yield were minor, causing only 
slightly different optimum nutrient levels as rainfall conditions varied. 
However, the main effect for moisture was very pronounced, causing greatly 
different yield levels (Figures 20 and 21). 
For the regression analysis of stand level and N rate experiments 
conducted for eight years at each of three locations in Missouri, 
Bondavalli, Colyer, and Kroth (1970) used raw rainfall and temperature 
data for several periods to account for weather differences. Twenty-one 
weather-associated independent variables were selected to explain the 
influence of stand levels, nitrogen rates, and meteorological factors on 
corn yields. Of the 21 variables, 16 consisted of total growing degree 
days and total rainfall for each of eight 15-day periods starting on May I 
and ending August 28. The remaining five variables were total preseason 
rainfall, squared temperature for the first period in August, squared 
rainfall for the first period in August, total growing season rainfall by 
stand level interaction, and total growing season rainfall by nitrogen rate 
interaction. On basis of computed t-values, the first half of August and 
the second half of May were the most important periods for rainfall and 
temperature variables, respectively. 
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Figure 20. The regression of corn yield on applied P9O5 at 
various fixed levels of June plus July rainfall 
(M) (Engelstad and Doll, 1961) 
De Wit (1956), by graphically analyzing several field irrigation 
experiments in the west Central States, detorrnined that the relationship 
P = aW/E^ satisfactorily explained the influence of transpiration on 
total dry matter production provided mineral nutrients were not limiting, 
in this equation. P is total dry matter production in kg/ha, W is total 
Y « -78.7 -7.367 K + 22.34 M t 33.38 Kî 
80 
6 0  
5 M 
40 
2 0  
0 16.6 33.2 66 4 ! 32 8 
POUNDS K PER ACRE PER YEAR 
Figure 21. Regression of corn yields on applied K at various 
fixed levels of June plus July rainfall (M) 
(Doll and Engelstad, 1962) 
transpiration in imn, is average daily evaporation from a free water 
surface in mm/day, and a is a crop constant in kg/ha day. For the 
Netherlands, he found the dry matter-transpiration relationship to be 
? = aA. A general equation was given as P = aW/E ^  where 0 - ' x •' 1. 
0 
Note that dry matter production is proportional to the energy used in 
transpiration over the entire season. The schematic relationships in 
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Figure 22 provide an heuristic basis for the development of the general 
equation. For regions having mostly clear, bright, low humidity days, 
de Wit found the evaporation/assimilation quotient to be proportional to 
evaporation because assimilation was nearly constant under the prevailing 
light saturation conditions. Therefore, assimilation should be inversely 
proportional to free water evaporation, and thus x = 1 in his general 
equation. For regions having many cloudy, humid days, radiation limits 
assimilation and evaporation simultaneously. Thus assimilation should be 
directly proportional to available radiant energy, and thus x = 0. For 
any region located between these extremes, de Wit suggested that x should 
have an appropriate intermediate value in this general equation. 
Arkley (1963) also considered dry matter production to be directly 
related to total transpiration if soil fertility were not limiting. In 
regression analyses, he used the function ? = a + b W/(100-H) to find the 
dependence of dry matter production, P, on total transpiration, W, and 
percent mean daily relative huridity, H. By estimating parzmetzrs z and 
2 statistically, he accounted for much of the yield variation associated 
with irrigation treatments. By using yield data from experiments conducted 
under constant weather conditions, Arkley also devised a relationship 
between maximum yields and yields which were depressed by nutritional 
inadequacies. He then used this relationship to adjust ^  for situations 
where both soil fertility factors and moisture availability varied 
simultaneously. 
By considering a drought day to be one in which available soil moisture 
was exhausted. Parks and Knetsch (1959) developed an independent variable 
to account for the influence of weather on com yields. Moisture budgeting 
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ZqI dry matter production, P; and transpira­
tion, W (de Wit, 1958) 
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was used to determine a drought day, the drought days were weighted, and 
then weighted drought day totals for each season were used as independent 
variables in a regression analysis. To determine the weights, four growth 
stages spanning a 110 day period were selected. The four stages, in 
sequence, were of lengths 33, 32, 14, and 21 days with the 14 day inter­
val being the tasseling period. The four coefficients computed by 
regressing corn yield data obtained from 54 separate observations from an 
eight year period on the drought day totals for each growth period were 
used as drought day weights. 
Parks and Knetsch used total weighted drought days of each season 
as an independent variable in the analysis of mean corn yields obtained 
from five nitrogen rate replications in an experiment conducted over a 
three year period in West Tennessee. They were able to account for most 
of the influence of weather in their analysis. In addition, they found 
that nitrogen responses decreased as the number of drought days increased. 
3aier ar.d Robertson (1968) found estimates of soil moisture to be 
more suitable than raw meteorological data for explaining the influence of 
weather on five seasons of wheat yields at eight Canadian locations. A 
soil moisture balance program was used to estimate soil moisture during 
growth stages. 
Baier and Robertson divided the plant available water capacity of the 
root zone into six increments corresponding to increasing soil moisture 
tensions. Moisture was removed in succession from the six increments in 
order of decreasing tension. For example, under uniform atmospheric 
conditions, moisture would be extracted at a slower rate from the second 
increment than it would be from the first increment. Baier and Robertson 
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concluded that the soil moisture estimates obtained from their procedure 
produced a better relationship with yields than raw rainfall and temperature 
variables because the estimates were expressions of factors on which the 
crops were directly dependent. 
Gross and Rust (1972) used average monthly temperatures and esti­
mates of average plant available moisture on the first day of each of 
four months as weather-associated variables in a regression study relating 
management, soil, and weather factors to corn yields in Minnesota. The 
estimates of plant available moisture for separate soil associations were 
computed by subtracting the potential évapotranspiration from the sum of 
monthly precipitation and residual soil moisture. May, June, July, and 
August temperatures, and the June 1, July 1, August 1, and September 1 
soil moisture estimates were the weather-associated variables most often 
retained in the regression analyses for the different soil groups. Com­
puted plant available soil moisture was lower in the western regions 
because of climatological factors and Gross and Rust considered this to 
be the cause of yield reductions from east to west across the state. 
Lambert (1969) pointed out the importance of predicting yields from 
measurable environmental variables. Using data from 19 years of corn 
irrigation research conducted in South Carolina, he examined the asso­
ciations between several environmental variables and corn yields. 
Minimum, maximum and mean temperatures, planting dates, drought days, 
and moisture deficiencies, all in linear, quadratic and square root forms, 
were potential predictor variables. Two types of models were used, one 
with variables based on monthly periods and the other with variables 
based on grouch stages. In addition to the potential predictor variables 
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given above, the growth stage model could contain the seasonal sum of 
moisture deficiencies and of drought days. 
A drought day was defined by Lambert as a day when actual évapo­
transpiration was less than one-half the potential évapotranspiration as 
calculated by Penman's method. Moisture deficiency was defined as the 
amount by which the actual évapotranspiration was less than one-half the 
long term potential évapotranspiration. The daily actual évapotranspira­
tion was computed by multiplying potential évapotranspiration by the 
ratio of plant available water present to plant available water capacity 
as determined from a soil moisture balance procedure. Using a step-wise 
regression method with various criteria for entering and deleting 
variables, Lambert found that July drought days and July rainfall were 
the most important variables for the monthly period model. For the 
growth stage model, rainfall in the tasseling period, maximum temperature 
in the tasseling period, and total moisture deficiency were most impor­
tant. Using the same set of criteria for model selection, Lambert 
computed 19 sets of models by always omitting one year, i.e., 19 models, 
each based on 18 years of data. He then used these models to predict 
yields for the omitted years. The predictive ability of these equations 
was poor, causing Lambert to conclude "that the best descriptions of the 
environment had not been found." He suggested that other measures of 
drought and soil moisture availability, in conjunction with more 
sophisticated statistical methods, be used in future studies. 
Voss and Pesek (1967), in an analysis of a series of fertilizer 
rate studies on some Iowa soils low in phosphorus and potassium, consid­
ered several indexes to account for the effect of weather on corn yields. 
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Combinations of greater than 50 or greater than 60 percent depletion of 
plant available water capacity, to depths of either one or five feet were 
used as criteria for determining a stress day. Moisture depletion levels 
were computed by a soil moisture balance procedure developed by Shaw (1963). 
Stress days were summed for four periods; the first five weeks of growth, 
followed in succession by intervals of four, three, and six weeks. The 
variables ultimately selected to account for meteorological differences 
between years and locations were the indexes computed for the first three 
periods with a stress day criterion of greater than 60 percent depletion 
of the available moisture in the surface foot. The final six-week inter­
val in the eighteen-week growing season had no effect on yield variation 
in these studies. Voss and Pesek stated that their data indicated that 
"the uncontrolled factors (weather and native fertility) primarily 
affected the response to applied nitrogen." 
Other Iowa studies (Corsi and Shaw, 1971; Dale, 1968; Dale and Shaw, 
1965a; Voss, Hanway. and Fuller, 1970) have shown that a soil moisture 
budget as described by Dale and Shaw (1965b) gives an adequate account 
oi soil moisture status in relation to atmospheric demand for most 
conditions prevalent in Iowa. Satisfactory results have been found for 
western and central portions of the state but the procedure has been less 
able to explain yield variability in eastern parts (Corsi and Shaw, 1971). 
Further discussion of the basic soil moisture budget used in these studies 
will be given in the section describing model adaptations and modifications. 
3enoit, Hatfield, and Ragland (1965) monitored moisture beneath un-
irrigated corn plots in Kentucky. Monitoring was done with a neutron 
probe over two seasons. During the first season, root zone moisture was 
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rapidly depleted, and in comparing first season unirrigated with irrigated 
yields, they concluded that moisture stresses accounted for the yield 
reductions on unirrigated plots. In the second season, yields on irri­
gated and unirrigated plots were about equal but lower than the yields 
on the irrigated plots of the preceding season. This difference, they 
contended, could be accounted for by the lower temperatures of the second 
season. Different planting dates were also included as treatments in 
these experiments and the yield reductions which occurred with late plant­
ing dates were attributed not to late season moisture stresses which are 
often postulated, but to reduced temperatures or some associated factor 
during the final stages of ear filling. As a general conclusion, Benoit 
et al. emphasized the importance of moisture and temperature interactions 
in the evaluation of moisture responses. 
Three studies on the influence of imposed moisture stress on the 
growth and development of corn have been conducted in Iowa (Barnes and 
ivoolley, 1969; Claassen and Shaw, 1970a,b; Denmead and Shaw, 19601. In all 
three experiments the root zone of the crop was restricted in order to 
obtain stress conditions. 
Denmead and Shaw (1960) investigated stresses applied during three 
growth periods: vegetative, silking,and ear. The vegetative period 
started 30 days after planting and ended at incipient tasseling. The 
silking period, beginning at the end of the vegetative period, terminated 
five days after 75 percent silking. The 30 day interval beginning with 
the end of silking was designated the ear period. Stresses within each 
stage were applied by allowing the plants to deplete available soil 
moisture for three consecutive wetting and drying cycles, so that for a 
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total of about eight days in the period, soil moisture was less than 50 per­
cent of plant available moisture capacity. They found that stresses during 
any of these periods reduced yields below non-stressed yields. However, 
a stress during the silking period was most detrimental. Most of the 
yield depression arising from vegetative period stress could be explained 
by reduced leaf area. 
Barnes and Woolley (1969) investigated the influence of moisture 
stresses at different stages of development for two hybrids, one with 
a tendency to produce two ears and the other with a single-eared habit 
but known to be highly susceptible to moisture deficiencies. Stresses 
were imposed at incipient tasseling, incipient silking, and at the blister 
kernel stage by allowing moisture depletion to continue until plants 
would not recover overnight and the fifth leaf below the apex had a 
relative turgidity of less than 75 percent. Moisture stress at tassel 
emergence reduced yields slightly for both hybrids but stresses during 
the silking and blister kernel stages reduced yields markedly for the 
single-eared hybrid. Only moderate yield reductions occurred on the 
double-eared hybrid from stresses at the silking or blister kernel 
stages, apparently because of two characteristics of the plant. Firstly, 
the double-eared hybrid formed more functioning second ears when a 
stress was imposed at the silking stage; therefore yields were not as 
dependent on adequate pollination as was the case for the single-eared 
hybrid. Secondly, and perhaps more important, the double-eared hybrid 
was able to withdraw more moisture from the soil and thus was better 
able to offset moisture stresses during all periods. 
Ciaassen and Shaw (1970a, 1970b) imposed moisture stresses on 
corn plants for durations of four days at nine different stages of growth, 
so that each experimental unit received only one stress treatment. Only 
slight yield reductions occurred if the degree of stress imposed in this 
study occurred during the vegetative growth period except when the stress 
coincided with early ear shoot and ovule development. Stresses imposed 
just prior to and following 75 percent silking caused more pronounced yield 
reductions. Stresses which occurred in the interval extending from the 
silking stage to the dough stage ('periods 7 and 9 in 1965 and 1966, 
respectively) also induced substantial yield depressions (Figure 19). 
This survey of field studies has demonstrated that many different 
methods can be used to account for the effect of moisture stress on corn 
yields. However, for certain purposes some methods are more appropriate 
than others. The survey suggests that the smaller the experimental unit 
sampled, the closer must be the association between the observed moisture 
stress indicator and the actual cause of yield reductions. For example, 
average monthly temperatures and total monthly rainfall observations are 
satisfactory for regional yield analyses, but measurements of soil charac­
teristics and meteorological variables, used to generate an index which 
more closely approximates the crop's environment, are necessary to provide 
an adequate stress index for small plot experiments. Field studies have 
also shown that the time of moisture stress, in relation to the stage of 
crop development, has an important bearing on yield reductions. This has 
been demonstrated by the yield differences obtained in experiments in 
which stresses were systematically imposed, and also by differences in 
regression coefficients obtained when several observations of a single 
weather factor, recorded for different periods, were used as independent 
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variables in a regression model. The period just preceding and following 
pollination and silking has been found to be most critical, although 
significant yield reductions have occurred when stresses were suffered 
during other periods. 
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METHODS AXD MATERIALS 
This chapter describes (a) the sources of data used in the simulation 
model and in the regression analysis, (b) the elements of original simula­
tion model, (c) the adaptations for using estimated model components, and 
(d) the modifications necessary to derive an excess moisture index and 
make other model adjustments. 
Data Sources 
Under the supervision of Dr. Lloyd Dumenil of the Agronomy Department, 
corn yield and other data were collected for Project 1377 of the Iowa 
Agricultural and Home Economics Experiment Station, in cooperation with 
the Iowa Cooperative Extension Service, the Soil Conservation Service, 
U.S.D.A., and many farmer-cooperators and volunteer rainfall observers. 
The title of the project was: Crop yielding capacity of Iowa soil types 
under different soil and crop management and climatic conditions. The 
project was initiated in 1957 in two counties and countie? '-^ere added 
each year until 1962 when the fifteenth county was added. The years 
when the research was started were as follows: 
1957 -- Hamilton and /."ayne 
1958 -- Adams, Bremer, Cass, Clay, and Keokuk 
1959 -- Harrison (upland sites), Muscatine, and Woodbury 
1960 -- Crawford and Lyon 
1961 -- Fayette and Linn 
1962 -- Howard 
19o3 -- Harrison •''bottomland sites) 
The field research was terminated after the 1970 season. To develop 
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indexes for explaining weather-induced yield variations, data from seven 
of the 15 counties were used (Figure 23). 
The 15 counties were selected to represent major soil association 
areas in the state. within each of the selected counties, the 2 percent 
sample of quarter-sections for the Conservation Needs (or Soil Inventory) 
Survey formed the nucleus for location of sites used in this research. 
For the Conservation Needs Survey, three quarter-sections per legal town­
ship were selected by semi-stratified, random sampling. In each of these 
quarter-sections a single site was randomly selected, but with three 
locational restrictions: the site had to be accessible within 1200 feet 
by car, on tillable land if present in the quarter-section, and on a 
uniform soil area of at least 70 feet x 70 feet so that small errors in 
measurement from the permanent marker would not put the harvest area on 
a different soil type. If these restrictions could not be met (except 
that the original site could be moved about 100 feet to find a uniform 
usually retained for as long as it was needed. A few sites, however, 
were relocated within the quarter-section, mostly because of loss of 
access . 
Yield was checked each year the site area was planted to corn, 
except when severe hail damage occurred, or the corn was cut for silage 
or harvested before yields could be measured, or the cooperator did not 
report that corn was to be planted on the site. Data were also collected 
on the soil and site characteristics, crop and soil management of the 
farmer-cooperator, and rainfall at or near the site. Parts of these data 
were used to estimate model components and parts were used as independent 
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variables in regression analyses. 
Soil and site characteristics 
Soil scientists of the Soil Conservation Service and, in a few cases. 
Agronomy Department personnel who were napping soils in the counties 
located the sites, described the soil profiles by horizons to a depth of 
40 to 60 inches, and collected soil samples by horizons for later analyses. 
Characteristics recorded at the time the site was located and described 
included: horizon differentation and boundary description; texture, color, 
structure, mottlings, consistence, and pH of each horizon; parent material; 
drainage class; biosequence; slope, configuration and aspect; erosion 
class; miscellaneous features of the profile; and soil unit number and 
soil type. 
Because 713 profiles were described in the 15 counties, each of which 
had 4 to 10 horizons sampled, funds were not available for analyses of the 
physical and chemical characteristics of each horizon of each profile 
other than the standard soil testing for pH and available N, P, and K. 
Mechanical analyses, however, were run on several profiles or selected 
horizons of some profiles to supplement the information on texture for 
county soil survey reports. The clay percentage (<2^), sand percentage 
(>0.05 mm); and bulk density for each horizon of each profile were esti­
mated by Dr. T. E. Fenton of the Agronomy Department, based on profile 
descriptions and on previous analyses for these variables from the same 
or similar soil types. For each profile, plant available water-holding 
capacity was estimated from horizon textural classes. The method of 
estimation is described in the section on model adaptations. 
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Since the other soil and site characteristics were not included as 
variables in the regression models used to test the effectiveness of the 
stress and excess moisture variables, methods of measuring or estimating 
their values are not discussed. 
The soil samples, collected from each horizon at the time the profile 
was described, were kept refrigerated in the fie Id-moist condition in 
air-tight bags, and later analyzed for soil pK, buffer pK, nitrifiable N, 
"available" P, and exchangeable K by the Iowa State University Soil 
Testing Laboratory. A soil sample of the plow-layer (0-6 inches) was 
also taken in the fall of each year that the plot was harvested. 
Prior to 1963, air-dry soil samples were tested for all constituents, 
and field-moist samples were tested for nitrifiable X and exchangeable K 
according to the methods described by Kanway (1953) and Hanway and Heidel 
(1952). With the change in testing methods in 1963 (as described by Dr. 
K. Eik in 1968), the P and K of field-moist samples were determined from 
a slurry containing 2 parts vater and 1 part soil and the extracting solu­
tion for P was modified to agree with that used for the Bray No. 1 test. 
The pH was determined on both air-dry and field-moist samples through 
1967 and only on field-moist samples thereafter. Nitrifiable N was 
determined by the same procedures used prior to 1963 on both air-dry and 
field-moist samples in 1963 and 1964 but only on field-moist samples from 
1965 to and including 1967. The buffer pH determination was modified in 
1963 as described by Schoemaker, McLean and Pratt (1961). From moisture 
determinations made prior to the soil tests, values for nitrifiable N and 
exchangeable K in field-moist samples in all years and "available" P from 
1963 to 1970 were adjusted to a 25 percent soil moisture basis. 
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The soil test values before and after the change in testing procedures 
in 1963 appeared to be similar for buffer pK and exchangeable K. The pH 
values for air-dry samples were slightly higher (0.1 to 0.2 pH) than those 
for field-moist samples; the pH values for air-dry samples were used in 
this study and, therefore, the pK values of the field-moist samples in 
1968 to 1970 were adjusted upward 0.1 to 0.2. Values for nitrifiable N 
determined from field-moist soils were used for this study; values for 
1968 to 1970 were estimated from tests in the most recent previous years. 
The available ? values prior to 1963 were adjusted to be comparable to 
those obtained from the revised procedure used in 1963 and thereafter, as 
follows: (1) for pre-1963 ? values of 2.5 and greater, adjusted P values 
= 2 ("old" ? value) -r 10, and (2) for pre-1963 P values of less than 2.5, 
adjusted P values = 5 ("old" ? value) 4- 2.5. The soil test values for 
available X, ?, and K were expressed as pounds per acre-6-inches of N, P, 
and K. 
Fie Id data 
For all phases of field data collection, as well as for determination 
of crops at the sites each spring and for obtaining management information 
from the farmer-cooperators, extensive assistance was given by the person­
nel of the District Conservation Offices, Soil Conservation Service, and 
by the Area Extension Crop Production Specialists. Some of the Agronomy 
Department personnel also assisted in harvesting the sites, particularly 
in the earlier years. 
Prior to 1961, the sites were located in the fall for harvest except 
for those that had been located for the first time in July or August by 
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the Soil Scientists. Since accurate measuring, particularly across 
contoured rows, was difficult in the fall, since accurate stalk counts 
were difficult to make at harvest time because of presence of tillers or 
suckers, since accurate estimates of the 75 percent silking dates were 
needed, and since the decision was made to collect leaf samples for 
chemical analyses, the sites were located in June or early July starting 
in 1961. At this time, plots were accurately located and staked, average 
row widths and hill spacings were measured, initial stalk counts were made, 
notes were recorded about growing conditions and management practices to 
aid in interpreting results or in clarifying certain management practices, 
and directions were recorded to facilitate locating the plots at later 
visits. 
At the time of silking, the plots were usually checked two or more 
times and the number of stalks were counted that showed silk emergence on 
the primary ear shoot so that the 75 percent silking date could be accu­
rately estimated. If. at harvest, a nuniber of barren stalks occurred, the 
75 percent silking date was adjusted on the basis of number of ear-
producing stalks rather than total stalks because most barren stalks were 
those that were delayed in silking and thus not counted as silked plants 
earlier. Also, at the time of silking, total stalks were recounted and 
notes were made on nutrient and moisture stresses, weed infestations, hail 
damage, and varieties if more than one could be identified in or near the 
site area. 
To determine the yield, the corn was hand-picked from a 1/100 acre 
plot and weighed; a grain sample for later moisture determination was 
obtained by removing two rows of kernels with a screwdriver from about 
76 
half of the ears, then placing the kernels in a mois fare-proof bag ; grain mois­
ture was determined by weighing a 300-gram sample, drying 48 hours at 65°C, 
reweighing and calculating the moisture content; and yield was calculated 
as bushels per acre of shelled corn at 15.5 percent grain moisture (No. 2 
corn) using standard conversion factors (Dyas, 1956). If the corn was 
immature or of low quality, 15 to 20 pounds of ear corn were dried and 
shelled and the yield per acre was calculated from the weight of the 
shelled corn adjusted to 15.5 percent moisture; this latter procedure was 
more accurate but impractical to use for a large number of widely-
scattered locations. 
The yield of hail-damaged corn was adjusted to a zero-damage basis by 
using the loss estimated by hail insurance adjusters, or if the farmer or 
a neighbor did not have insurance, by an estimate based on field notes. 
When the corn was harvested before physiological maturity because the field 
was to be cut for silage or because delayed harvest of late-maturing sites 
would have necessitated another trip to the county, the yield was adjusted 
upward by assuming that the corn was physiologically mature 55 days after 
the 75 percent silking date and that dry matter production averaged 1 per­
cent per day the first 5 days after silking, 2 percent per day for the 
next 45 days, and 1 percent per day for the final 5-day period. 
Estimated yield loss, expressed as a percentage, due to frost or 
freeze damage in the fall was calculated from the difference between date 
of frost or freeze damage and date of physiological maturity, using the 
same assumptions as for the yield loss due to harvesting before physio­
logical maturity. when plants were partially killed, the estimated loss 
was reduced proportionately to the estimated leaf loss. No estimate was 
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made of the yield loss due to frost damage in the spring after emergence. 
Disease-induced yield loss primarily due to leaf diseases and stalk 
rots which killed some or all of the plants prematurely, expressed as a 
percentage, were estimated from the difference between the date when about 
half of the stalks were dead and the date of physiological maturity, using 
the same assumptions as used for harvest before physiological maturity. 
In most years, the approximate date when half of the stalks were dead was 
based on the observations of the farmer-cooperators. For areas known to 
have disease infestation in 1968, 1969, and 1970, counts of dead stalks 
were made once or twice in late August to mid-September before physiologi­
cal maturity; these counts were used to estimate disease losses. No 
estimate of the effect of leaf disease or stalk rot on reduced photo-
synthetic efficiency prior to premature dying or physiological maturity 
could be made. The product of percentage of ears affected by ear rot due 
to southern leaf blight and the estimated average area infected per ear 
was included in the estimated disease loss in 1970. 
The stalks in the plot were recounted at harvest and coded for analy­
sis as the number of stalks per 1/100 acre. Barren stalks, but not barren 
tillers or suckers, were also counted and expressed as a percentage of the 
total stalks. 
Root-lodged stalks in the plot were counted and expressed as follows : 
moderately root lodged -- percentage of total stalks leaning from the 
soil surface at an angle of 30 to 60° from vertical, and severely root 
lodged -- percentage of stalks leaning more than 60° from vertical. For 
some analyses, the two classes were combined as percentage of stalks root-
lodged . 
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For estimates of corn borer infestations, 10 randomly-selected stalks 
were cut off at the soil surface and sliced longitudinally (including the 
ear shank) and the following counts were recorded: number of cavities 
(feeding areas) per 10 stalks caused by first-brood corn borer, number 
of cavities per 10 stalks caused by second-brood corn borer, and number 
of cavities per 10 stalks in the ear shanks caused by second-brood borer. 
For most purposes, the second-brood cavities in the stalk and ear shanks 
were combined. 
For estimates of weed infestations, broadleaf and grassy weeds were 
cut separately from an area 3 to 6 feet wide across the width of the plot 
(4 or 5 rows), sacked separately, taken to Ames, hung outdoors to dry, 
weighed, and then calculated as pounds per acre of air-dry broadleaf or 
grassy weeds. In later years as experience was gained, weed weights were 
visually estimated if the growth was slight (up to about 200 pounds per 
acre) . 
Corn rootwom damage was determined at each site from 1964 through 
1970. For each plot, ten root systems were randomly selected except for 
one restriction: a percentage of root-lodged plants, corresponding to the 
incidence of lodging, was selected for the sample. The roots were dug up, 
placed in an onion sack, and taken to Ames where they were washed and 
evaluated. The root damage due to corn rootworms was rated for each root 
system by Dr. D. C. Peters and F. T. Turpin of the Entomology Department, 
based on a rating scale of 1.0 (no damage) to 6.0 (most severely damaged) 
which was developed by Drs. D. C. Peters and G. J. Eiben at Iowa State 
University (Siben, 1967). The corn root damage rating for the site was 
expressed as the sum of the ratings for the 10 root systems. 
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For the sites harvested prior to 1964, the damage ratings of corn 
not following corn were estimated from 1964-1970 averages, adjusted for 
clay percentage and soil test K level of the plow-layer of the site. The 
damage ratings of corn following corn were estimated from the prediction 
equation of Turpin (1971) and were adjusted for area of the state, number 
of years of corn preceding the current com crop, and effectiveness of 
the insecticide used. 
Management data 
A 7-page management questionnaire was developed to list the soil and 
crop management practices used by the farmer-cooperator for the year that 
the corn yield was checked and for the four previous years. The question­
naire was delivered and explained to the farmer in the spring of the first 
year that the site was in corn; if there was a change in the operation of 
the farm, the same procedure was followed with the new farmer-cooperator. 
After the first year that the site was in corn, the questionnaire was 
mailed to the farmer in early May so that he could record the information 
as the season progressed. After the site was harvested, the questionnaire 
was obtained from the farmer and completed with his assistance. 
For regression analysis, primary seedbed preparation was coded as two 
dummy variables: fall moldboard plowed = 0,0; spring moldboard plowed = 
1,0; and other methods (chisel plowed, hard-ground listed, or disked, only) 
= 0,1. The date the site was planted was coded using April 20 = 0, so 
that the date planted in April = April date - 20, date planted in May = 
May date -r 10, and date planted in June = June date -r 41. 
3y assuming that 60 bushels equaled one ton, the rate of manure, in 
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tons per acre applied to the site area, was estimated from the following 
information obtained from the farmer ; 
1. Kind of manure (cattle, hog, poultry). 
2. Width covered by the spreader (feet or number of corn rows). 
3. Length over which spreader was unloaded (rods). 
4. Approximate percent bedding in the manure. 
5. Capacity of the spreader (bushels, adjusted for amounts of 
bedding). 
The rate of hog and poultry manure was adjusted upward to correspond to 
the nutrients in cattle manure, and the available nutrients per ton of 
manure were then estimated to be 5 lb N, 5 lb and 10 lb K^O for all. 
Both the tons of manure and the total nutrients (N, and K^O) applied 
from manure were listed for analyses. 
Limestone application was listed as tons per acre applied within the 
past 4 years (including the current year). 
Information obtained on fertilizer applications included: material 
or grade, rate per acre, and time and method of application. For 
regression analysis, the fertilizer nutrients (expressed as pounds per 
acre of N, and K^O) applied at each site were listed as: hill or 
row fertilizer (pounds per acre of each nutrient), fall-applied N (spring-
applied or side-dressed N or none = 0), spring-applied, pre-plant N (fall-
applied or side-dressed N or none = 0), side-dressed X (pre-plant N or 
none = 0), plowed-under ? or K fertilizer (none or disked-in ? or K = 0), 
and disked-in ? or K fertilizer (none or plowed-under ? or K = 0). Totals 
of each nutrient (expressed as pounds per acre of N, and K.O) applied 
in fertilizers plus manure were also used as alternative nutrient variables. 
If the site center was within 200 feet of a tile line, the line was 
located by probing and the distance to site was measured. In cases where 
the tile line was in a drainage way and had no influence on the adjacent 
upland site, the site was considered to be greater than 200 feet from 
tile. For analysis, the tile drainage effect was listed as: 200 feet 
minus distance to tile line, for tile 200 feet or less from the site; 0, 
otherwise. 
Very few of the sites were flooded for any prolonged period. Infor­
mation on depth, frequency and duration of flooding was obtained from the 
farmer but not included as a variable. The effect of flooding during the 
early growth stages was accounted for, in part, by the excess moisture 
index. 
The effects of legumes and successive crops of corn or soybeans in 
the crop sequence on the N availability from the soil and residues were 
estimated by a cropping code as follows (corn in the current year under­
lined) : 
C-M-M = 08 C-Sb-M-M = 08 
Ç-M = 10 _C-Sb-M = 10 
C-0_ = 15 C-Sb-0^ = 14 
— X — X 
C-C-M-M = 17 C-Sb-C-M-M = 15 
C-C-M = 20 C-Sb-C-M =17 
C-C-0^ = 25 C-Sb-C-0_ = 20 
— M — M 
C-C-C-M = 30 C-Sb-C-C-M = 25 
C-C-C-G^ = 35 C-Sb-C-C-0„ = 30 
— X — M 
C-C-C-C = 40 C-Sb-C-C-C = 35 
C-Grass-Gra.ss = 30 C-C-Sb-C-C - 40 
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For these cropping codes, the greater effect of 2 or more years of 
legume meadow (M) than 1 year of meadow was assumed to affect N avail­
ability for only the first and second corn crops following the meadow. 
The amount of N added by a green manure crop (0^,) was assumed to be about 
half of that from meadow. The effect of soybeans (Sb) was assumed to be 
positive on N availability only when this crop preceded corn. Further 
back in the cropping sequence, the soybean effect was assumed to be zero 
and the code value was determined by disregarding the soybean crop and 
considering only the other crops. The effect of sorghum on N availability 
was assumed to be the same as for corn and the effect of small grains 
without legume seedlu&a on N availability was assumed to be about half 
that of corn. Legume crop yields were estimated roughly by the farmers; 
if stand or growth of the legume was poor, adjustments in the code values 
were made. 
The effects of cropping sequence and management of the crop on K 
and subsequent availability of K in the plow-layer for the current 
corn crop were estimated and coded, as follows: 
Corn after 3 or more years of com or after diverted acres 00 
Corn after ? years of corn 05 
Corn after corn, oats, or oats and green manure 10 
Corn after soybeans 20 
Corn after soybeans (2 or more years) 30 
Corn after 1 year of meadow (pastured) 30 
Corn after 1 year of meadow (hay and pasture) 35 
Corn after 1 year of meadow (hay) or corn silage 40 
Corn after 2 or more years of meadow (pastured last 2 years) 40 
°3 
Corn after 2 or more years of meadow (hay and pasture last 
2 years 50 
Corn after 2 or more years of meadow (hay) or corn silage 60 
Management variables which were not used in this study are not 
discussed. 
Weather data 
Rainfall records in 1957 and 1958 were obtained from the Weather 
Bureau stations in the counties or nearby stations in adjacent counties. 
Additional records were obtained in 1958, mostly in Clay County, from 
people within the counties who had recorded rainfall, mostly from small, 
glass tubes. These observations averaged about 10% too high, as later 
comparisons between different types of rain gauges showed, and amounts 
were adjusted accordingly. In 1959, 5 to 9 gauges were given to volunteer 
observers in each county for a network of gauges to supplement the data 
from the Weather Bureau stations. These were direct-reading, wedge-
shaped, plastic gauges about 14" deep and with tops about 2" square 
(Tru-Chek Rain Gauge, Edwards Mfg. Co., Albert Lea, Minnesota, 56007). 
Their accuracy is within 2% of the Official Weather Bureau gauge. These 
gauges were placed in the counties in the latter part of May or early 
June and rainfall was recorded until about November 1. In subsequent 
years, most observers recorded the rainfall daily from early April until 
November 1. In 1959, 1960, and 1961 some rainfall records were obtained 
from persons who had recorded from the small glass tubes. 
Since 195 9 rainfall was found to be quite variable within counties, 
starting in 1960, rain gauges were located as close as possible to each 
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site in counties where the study was underway and in other counties as 
they were added. The gauges were mostly within ik miles of the site, 
depending on the availability of volunteer observers. The gauges were 
set up in May and early June as they were needed, i.e., when the site 
areas were first planted to corn. The observers recorded rainfall each 
year thereafter, even when the site areas were not in corn. 
In 1957 and 1958, all rainfall estimates were made from Official 
Weather Bureau Observer's records, supplemented by some records obtained 
from local observers. In 1959, rainfall estimates for each site were 
interpolated from the network observations and from some adjusted obser­
vations from individuals who had kept records on their own small gauges. 
In 1959, rainfall that occurred before the location of network gauges in 
May or early June was estimated from the Weather Bureau records. Beginning 
in 1960, rainfall that occurred before gauges were set up was estimated 
from other gauges in the county, or in the initial year that a county was 
added to the study, from Weather Bureau records. 
Rainfall for a day or sequence of days often had to be estimated from 
nearby gauges because observers did not record rainfall for various reasons 
(vacations, broken gauges, illnesses, or forgot to record the rainfall) 
and because of obvious recording errors. 
To find and estimate missing rainfall amounts, to locate obvious 
recording errors, and to align dates on which rainfall occurred, daily 
rainfall amounts for each site were placed in columns side by side. By 
using this method, missing values could be spotted easily and estimated 
from nearby site recordings. Amounts which appeared to be much too high 
or much too low were changed to conform to surrounding observations. The 
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determination of the exact date of rainfall was a frequent problem. 
Daily recording times for many observers were not consistent and entries 
were often put on an incorrect day. Daily recording times also varied 
among Weather Bureau stations. From the aligned daily rainfall observa­
tions, shifts in dates of occurrence could be made so that precipitation 
coming from a single rain system would be recorded on or near the same 
date for all sites in a county. For an isolated rainfall occurring in a 
dry period, appropriate date adjustments were usually obvious. For fre­
quent rainfalls occurring during rainy periods, date adjustments were 
obscured but not likely to be critical in terms of index calculations. 
In most cases, the shifted rainfall entries were probably within a day 
of the actual rainfall date. 
The Model: An Overview 
From the review of literature one can conclude that both excess 
moisture and insufficient moisture conditions can adversely influence 
yields. Furthermore, the review indicates that the most pronounced yield 
reductions occur at different stages of growth. Excess moisture is most 
injurious in the immediate post-planting period while moisture stress 
becomes; most harmful starting in the period just prior to anthesis and 
continues to affect yields during the grain-filling process. 
In the general approach to the objective of computing an index or 
indexes to account for weather influences on corn yields, two require­
ments had to be met. Firstly, the resultant index or indexes would have 
to reflect excess moisture and stress conditions simultaneously. Be­
cause these conditions affect the crop most strongly during two separate 
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periods, and because the general responses of com yields to abundant soil 
moisture in these periods are reversed, it was logical to construct a set 
of indexes, one for each condition. Secondly, the indexes would have to 
be appropriate for small plots of about 1/100 acre. Baier and Robertson 
(1968) indicated that "significant crop-weather relations can be obtained 
providing meteorological factors are expressed in terms of environmental 
factors on which crops are indirectly dependent." Thus for small plots, 
advantage could not be taken of the compensating conditions often found in 
large areas, and thus it was necessary to obtain indexes based on rela­
tionships close to known causal factors. Therefore, a moisture balance 
model which provided integrated information over a critical cropping 
period seemed more likely to be successful for small plots than simple 
variables constructed from rainfall totals and temperature averages for 
different growth periods. Since the soil moisture balance and stress 
index program described by Dale and Shaw (1965b) had produced excellent 
results for many locations within Iowa, and since reasonable estimates 
of the required program input were obtainable, adaptation and modification 
of this program for the development of an excess moisture index, as well 
as a stress index, was undertaken. 
A brief discussion of the general features of the unaltered soil 
moisture program will be given. In addition to providing background in­
formation, this discussior will serve as the basis for describing adapta­
tions required for corn yield study da':a, and for describing the incor­
poration of modifications to arrive at an excess moisture index. 
The soil moisture program combines soil and atmospheric conditions 
in a single model which estimates the daily crop moisture status. The 
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root environment is depicted by ten 6-inch layers, each having a plant 
available water capacity (PAWC) and holding within that capacity, an 
amount of plant available water (PAW). The percent of plant available 
moisture,(?AW/PAWC)*100, remaining in the root zone can be considered a 
daily measure of moisture reserves. Daily pan evaporation, adjusted for 
crop growth stage, is a reflection of the canopy environment. The adjust­
ment factor is obtained from Figure 24; the ratio on the y-axis relates 
the évapotranspiration of corn to the open pan evaporation for each day 
of the growing season. The adjusted pan evaporation, commonly referred 
to as potential évapotranspiration, can be considered a measure of atmos­
pheric demand on moisture reserves (Shaw, 1963). The soil moisture 
program uses the moisture reserves in the root zone and the atmospheric 
demand on the canopy to arrive at an estimate of daily moisture loss. 
These daily moisture losses, plus rainfall gains, form the basis for the 
soil moisture budget. 
Initially the program requires a starting date, a PAW value for each 
layer on the starting date, a PAWC value for each layer, and a silking 
date. The silking date is made to coincide with July 31; this is accom­
plished by adjusting actual dates to program dates. The silking date 
adjustment serves to locate the evapotranspiration-pan evaporation ratio 
properly with respect to crop phenology. 
To facilitate the description of the daily budgeting cycle, the 
discussion will start at the precipitation stage (PCP), in accordance 
with the abbreviated flow chart (Figure 25), although a new day arbi­
trarily begins by incrementing the day counter (IDTE) prior to moisture 
extraction. 
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Figure 24. Ratio of évapotranspiration of corn to open-pan 
evaporation throughout the growing season (Shaw, 
1963) 
On the first day the program is intercepted at the precipitation 
stage thereby assuming that any evaporation occurring after the starting 
soil moisture measurement will be of minor consequence. By intercepting 
at the precipitation stage, an assumption is also made that any precipi­
tation on the first day fell after moisture measurements were taken. 
This assumption seems valid because any appreciable rainfall would 
Figure 25. Abbreviated unmodified model flow chart 
Legend : 
IDATE 1 - actual starting date (date of initial soil moisture 
estimate) 
IDATE2 - actual silking date 
PAWC - plant available water capacity-
EVEC - vector of daily pan evaporation values 
PVEC - vector of daily rainfall values 
I DTE - phenological day counter 
PC? - daily rainfall value 
PC?N - daily net rainfall value 
RNF - runoff 
ET - unstressed évapotranspiration 
STET - stress évapotranspiration 
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prohibit moisture sampling unless it fell after the samples were taken. 
Precipitation is tested on each day. If none has occurred, the net 
precipitation (PCPN) computation and infiltration steps are by-passed. 
If PC? has occurred but was less than 0.5 inches, no adjustment is neces­
sary, making PCP = PCPN. If more than 0.5 inches has occurred, PCP is 
reduced by an estimate of runoff (RNF). This estimate is computed from 
an empirical relationship between runoff and the rainfall which has 
occurred in the preceding five days. The runoff estimate assumes a 
surface having only slight slope to facilitate runoff of heavy rains. 
Furthermore, it is not adjusted for conditions where run-on might increase 
the amount of water infiltrating the profile. 
Infiltration of PCPN is accomplished by adding water to PAW for each 
layer from the surface downward until PAW equals PAWC and all the 
PCPN is added to the profile or all ten layers have reached PAWC. Mois­
ture which is in excess of that required to fill the soil to PAWC is 
assumed to percolate below five feet on the day of rainfall. No mois­
ture is retained above PAWC to be redistributed down through the profile 
on ensuing days. 
After completion of the infiltration process, daily stress indexes 
are computed if the date (IDTE) falls within the period starting six weeks 
before and terminating three weeks after the 75 percent silked date. Dale 
and Shaw (1965a) found this period to be most sensitive to stress condi­
tions. The determination of a stress condition is based on moisture 
reserves remaining at the start of the day (before rainfall has occurred) 
and the atmospheric demand as determined by adjusting pan evaporation 
for growth stage. Further description of the indexes will be given in the 
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chapter covering modifications. At the end of each day, the daily amount:; 
of rainfall, pan evaporation, run-off, potential and actual évapotrans­
piration, and daily stress indexes are printed. 
After incrementing the date counter, a test is made for the end of 
season. If the season has been completed, a summary of indexes is 
printed and the program enters the necessary starting values for the next 
site and/or year. If the season has not been completed an extraction 
segment is entered. If the date is June 7 or earlier, extraction occurs 
only from the surface layer. Up to 0.1 inches is extracted if more than 
this amount is present, otherwise the surface layer PAW is set to zero, 
i.e.; any remaining quantity is removed. 
For days following June 7, an amount of moisture, as determined by 
adjustments made to the daily pan evaporation quantity, is extracted from 
the root zone. The adjustment factors include (a) one for stage of growth 
and (b) one for soil moisture percentage and evaporative demand intensity. 
The factor for stage of growth was discussed earlier, with the relation­
ship given in Figure 24. The second factor is an adjustment for stress 
conditions, i.e., it reduces the unstressed évapotranspiration for any 
stress imposed by the combination of atmospheric conditions and soil 
moisture reserves occurring on the day. From the discussion of the soil-
plant-atmosphere continuum, it will be recalled that transpiration is 
reduced by an increase in resistance to moisture flow in the soil near the 
root in conjunction with an increase in diffusive resistance as stomatal 
pores close in response to water deficits. The stress adjustment factor, 
viz., the relative transpiration ratio (RTR), was obtained from empirical 
relationships determined by Denmead and Shaw (1962). Soil moisture 
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reserves, as estimated by percent plant available moisture in the root 
zone, and one of three atmospheric demand intensities, as estimated by 
pan evaporation, are used to determine the relative transpiration rate, 
i.e., the stress adjustment factor (Shaw, 1963). The three intensities 
are based on daily pan evaporation rates: less than 0,2, between 0.2 
and 0.3, and greater than 0.3 inches water per day for low, medium, and 
high intensities, respectively (Figure 26). Root growth is assumed to 
cease at or near the shift to reproductive growth, resulting in greater 
stresses caused by reduced moisture interception as root growth halts. 
Therefore, pre- and post-August 1 relative transpiration rates are used 
to adjust potential évapotranspiration for stress conditions. Stressed 
évapotranspiration (STET) is found by multiplying pan evaporation by the 
growth stage factor to obtain unstressed évapotranspiration, ET, and by 
multiplying ET by the relative transpiration rate (RTR) to obtain STET. 
Evapotranspiration is removed from the root zone by proportioning 
STET among the layers in accordance with an empirical extraction schedule 
(Table 5). If a layer contains insufficient moisture to fulfill its 
quota, the deficit is filled from other layers in the root zone which 
still retain moisture. 
If moisture is available in the surface layer at the conclusion of 
STET extraction, the difference between ET and STET, but not exceeding 
0.1 inches, is removed as surface evaporation. After completion of 
moisture extraction, the precipitation segment is encountered and the 
cycle begins again. 
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Table 5. Moisture extraction from soil profile during the growing season. 
Values for each date are given as the percentage of stressed 
évapotranspiration (STET) that is removed from each of the 
depths listed (Shaw, 1963) 
Percent of STET which 
comes from respective Depths from which 
Dates depths water was extracted 
to June 7 100 1st 6 inches 
June 8 to 14 100 1st foot (equally from each 
6 inches) 
June 15 to 27 67.7 , 33 .3 1st, 2nd foot 
June 28 to July 4 60, 20, 20 1st, 2nd and top half of 3rd 
foot 
July 5 to 11 60, 20, 20 1st, 2nd and 3rd foot 
July 12 to 18 60, 15, 15, 10 1st, 2nd, 3rd and top half of 
4th foot 
July 19 to 25 60, 15 , 15, 10 1st, 2nd, 3rd and 4th foot 
July 26 to Aug. 1 60, 10, 10, 10, 10^ 1st, 2nd, 3rd, 4th and upper 
half 5th foot 
After • Aug. 1 60, 15, 15, 10° 1st, 2nd, 3rd and 4th foot 
60, 10, 10, 10, 10^ 1st, 2nd, 3rd, 4th and 5th 
foot 
60, 15, 15, 10 1st, 2nd, 3rd and 4th foot 
^Used only if first 4 feet all have < 50 percent available moisture. 
^Used if any of first 4 feet have > 50 percent available moisture; 
however, after Aug. 1, the percent available is always computed on the 
total available water in the 5-foot profile. 
The Model ; Adaptations 
In order to adapt the model described in the previous section for use 
in the statewide yield study, it was necessary to estimate several model 
inputs. Estimates were required for PAWC, starting PAW, pan evaporation, 
75 percent silk date, and in some cases, daily rainfall. Estimates of 
soil characteristics were necessary to accommodate infiltration and re­
distribution modifications but these will be discussed later. 
For cach site, PAWC was estimated by using textural classes, as given 
in site profile descriptions, to obtain a PAWC value in inches of water 
per inch of soil for each horizon (Table 6). To find PAWC estimates for 
each layer, the horizon PAWC estimates were summed over the intervals 
corresponding to ten 6-inch layers. The sums obtained had dimensions of 
inches of water per 6-inches. 
The PAWC values obtained by using Table 6 were much higher than the 
capacities of comparable soils as found by observation^. Therefore, the 
original PAWC estimates were varied during preliminary analysis of Musca­
tine County data. These methods were used to reduce the estimated PAWC 
values. In the first method, PAWC was reduced by constant amounts of 0.10 
0.12, or 0.15 inches per 6-inch layer. In the second method, each layer 
PAWC was reduced by 5, 10, or 15 percent. In the third method, combina­
tions of percentage reductions followed by constant reductions were used 
in pairs of 10 percent and 0.05 inches per layer, and 5 percent and 0.10 
inches per layer. The constant reduction methods was imposed to reduce 
PAWC in soils with low estimates by a greater absolute amount than would 
result from a simple percentage reduction. An implicit assumption in 
both methods of reduction was that the total pore space estimate was too 
high and that necessary adjustments should be made in the PAWC fraction. 
Other modifications would have had to be made if WILT and AIRSP were to 
be increased to compensate for reductions in PAWC. 
Starting PAW was estimated from a statewide network of soil moisture 
^The Agronomy Department series, the Subsoil Moisture Situation, AG21 
Oa, lists the PAWC of several soils by one foot increments to five feet 
for soils used in the soil moisture survey network. 
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Table 6. Available water holding capacity estimates for determining 
initial PAWC values (from SCS Laboratory, Lincoln, Nebraska) 
Surface soil Subsoil Lower horizons 
Soil textural classes 0-12" 12-36" 36-60" 
Inches moisture per inch of soil 
Coarse sand and gravel .04 to .06 .03 to .05 .02 to .04 
Sands .07 to .09 .06 to .08 .05 to .07 
Loamy sands .10 to . 12 .09 to . 11 .08 to .10 
Sandy loams .13 to .15 . 12 to .14 .11 to .13 
Fine sandy loams .16 to . 18 .15 to .17 .14 to .16 
Loams and very fine sandy 
loam .20 to .22 .17 to .19 .17 to .19 
Silt loams .22 to .23 .20 to .22 .20 to .22 
Silty clay loams .21 to .23 .18 to .20 .18 to .20 
Sandy clay loams .18 to .20 .16 to .18 .15 to .17 
Clay loams .17 to . 19 .15 to .19 .14 to .16 
Silty clays and clays .12 to .14 .11 to .13 .11 to .13 
^The ranges of available water capacity shown are the estimated 
water-retention differences between 1/3-bar and 15-bar tensions for the 
medium and fine textured soils, and between 1/10-bar and 15-bar for the 
moderately coarse and coarse textured soils. 
measurements. For each site an estimate was entered by five one-foot 
increments (Shaw, Felch, and Duncan, 1972). The one-foot increments were 
divided in half and each half was assigned to each of the 6-inch layers 
at the corresponding depth. Each 6-inch PAW value was then reduced to a 
maximum determined by the layer PAWC. This reduction assumes that any 
free water or water above field capacity would drain away during the 
initial stages of the program, and therefore, would not be a significant 
factor in index computations. Estimates of PAW were given for April 15 
and, in general, at least two weeks would pass to allow for adjustments 
by intervening rainfall and evaporation before excess moisture index 
98 
calculations began. Moreover, high starting PAW values occur mostly in 
the bottom one or two feet of the profile, and thus, would not be a 
significant factor in the determination of excess moisture by the model. 
Although a water table within five feet would alter the redistribution 
rate of any future infiltration, occurrences of such conditions would be 
infrequent. Furthermore, additional programming requirements to allow 
for such contingencies would be extremely complex and costly, necessi­
tating detailed knowledge of the hydro-physical soil characteristics far 
beyond any which could be estimated from a profile description. 
Pan evaporation estimates were taken from a state map on which 
isolines had been drawn in over daily pan evaporation observations from 
Class A Weather Bureau pans located in Iowa and bordering states (Figure 
27). Only a single daily value was used for each county because the 
method of estimation did not justify more refined estimates for indi­
vidual sites. 
Tae ùources and mecaods of adjuscing rainfall daca necessary for che 
model were described in the section on data sources. The procedure used 
to estimate the 75 percent silking date was described in that section 
also. 
T"ne Model; Modifications 
With a description of the original model and methods of estimating 
required inputs completed, model modifications necessary to improve the 
relacionship between stress indexes and yields and to detect and express 
incidences of excess moisture will be discussed. 
Excess moisture conditions may occur in soils which retain water 
Figure 2/. Sample pan evaporation isol in<î map for July 29, 1966 
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above the plant available water holding capacity for some period longer 
than one day after a rainfall. Furthermore, excess moisture conditions 
may occur to different degrees ranging from negligible where moisture 
supply is slightly above some critical level for a short duration to 
severe where water is at or near saturation for a long duration. Conse­
quently, any modification designed to detect excess moisture conditions 
must allow for an infiltration scheme which fills the soil pore space to 
a saturated state and subsequently provides for redistribution of water 
down through the profile at a rate which is dependent on soil character­
istics . 
Infiltration and redistribution modifications 
Several methods of infiltration or redistribution into non-homogeneous 
soils have been proposed (Black, Gardner, and Thurtell, 1969; van Keulen 
and van Seek, 1971; Wang and Lakshminarayana, 1968) but all such methods 
require either mathematical expressions or tables describing changes in 
soil water potential as water content changes and changes in hydraulic 
conductivity as soil water potential changes. Such relationships are not 
readily available for all soil types sampled in this study and no satis­
factory method exists to estimate them from a profile description. There­
fore it was necessary to find a less sophisticated means of implementing 
infiltration and redistribution modifications. For modification synthesis, 
the general plan was to use simple methods,based on estimates of bulk 
density and clay percentages, to provide for the infiltration and storage 
of moisture above field capacity. The bulk density and clay estimates, 
in conjunction with estimates of PAWC, were to be used to transform a soil 
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profile into a pore space description for each of the ten 6-inch layers. 
The pore space description contained three parts; (1) that part occupied 
by unavailable water held below -15 atmospheres tension, (2) that part 
occupied by plant available moisture held at field capacity, and (3) the 
airspace, i.e., the difference between field capacity and total pore 
space. 
To estimate total pore space, bulk density was divided by an assumed 
particle density of 2.65 g/cc to find the fraction of solids per unit soil 
volume ; the fraction of solids was subtracted from 1.0 to find the pore 
fraction. This fraction was multiplied by 6 inches to arrive at the 
estimate of total pore space, in inches per 6-inches. For example, if 
the bulk density of a layer were 1.2 g/cc, then (1.0 - (1.2/2,65))*6.0 = 
3.34 inches/6-inches would be the total pore space for the layer. 
Horizon clay percentage estimates were used to determine the volume 
of the total pore space occupied by moisture held below -15 atmospheres 
tension (Figure 28). The relationship between moisture percentage at 
-15 atmospheres ,'.v'ILT) and clay percentage was obtained from a study of 
many Iowa soils (Nielsen and Shaw, 1958), PAWC was estimated by the 
method described in the previous chapter (Table 6). Field capacity was 
estimated by adding PAWC to WILT and the differences between estimates of 
total pore space and field capacity were used as estimates of airspace 
(AIRSP), An example of a profile transformations to a layer pore descrip­
tion is given in Table 7. 
The pore space description was used as the basis for the infiltration 
of PCPN. Following every rainfall, infiltration of PCPX was achieved by 
filling the total pore space of each layer in succession from the surface 
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Figure 28. Wilting point moisture percentage prediction frc~ 
clay content as determined by hydrometer method. 
Based on 730 samples from Iowa soils (Nielsen and 
Shaw, 1958) 
downward until PCPN was depleted or a restrictive layer was encountered. 
Below any such layer, moisture was increased to fill PAWC, leaving AIRS? 
air-filled. 
The rationale for this infiltration procedure came from observations 
of post-infiltration moisture distributions, as described by Biswas, 
Nielsen, and Biggar (1966), Childs (1969), and Gardner, Hillel, and 
Benyamini (1970). The succession of infiltration wetting fronts in a 
Tat) le 7. All example of a Koil profile transfornvition to a layer pore space description, I.inn 
County, Sit£? No, 33 
Soil profile data; 
Horizon thickness, in. 6 7 6 5 11 5 15 5 
Clay pcrcentagc 24 26 29 30 32 20 20 33 
Horizon bulk density, g/cc 1, ,18 1. 19 1,20 1, 22 1, ,37 1 , 65 1. ,68 1. 72 
Horizon PAWC, in,/in. 0, ,23 0. 23 0,20 0, 20 0, ,19 0, ,17 0, , 17 0. 19 
Horizon wilt percentage 7, ,7 8. 6 10.0 10, 5 11, ,7 6, ,2 6, 2 12. 2 
Ixiyt'.r pore space description: 
J^iyer number 1 2 3 4 5 6 7 8 9 10 
Bulk density, in ./6-in. 1.18 1.19 1.20 1,22 1.37 1,42 1.66 1.68 1.68 1,71 
PAWC, in,/6-in. 1,38 1.38 1.23 1,20 1.14 1,12 1.02 1.02 1 .02 1. 12 
WILT, in./6-in. 0,46 0.52 0.59 0.62 0,70 0.65 0.37 0.37 0.37 0.67 
Total pore space• -WILT, in,/6-in, 2.87 2.79 2.70 2.62 2,20 2.15 1.87 1.82 1.82 1.45 
AIRSP, in./6-in. 1,49 1.41 1,47 1.42 1.06 1.03 0.85 0.80 0,80 0.33 
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homogeneous profile, as described by Childs (1969) for the case where 
surface moisture is maintained at a constant percentage, C, is shown in 
Figure 29. Because net precipitation was regarded as having zero dura­
tion in the soil moisture model, C was assumed to correspond to the soil 
saturation percentage provided ?CPX was greater than the air-filled pore 
space of the top layer. For cases where PCPN was less than the air-
filled pore space, infiltrated water was assumed to be distributed evenly 
through the surface 6-inches. 
Water movement through a restrictive layer was presumed to occur at 
a rate determined by the layer's relatively slower saturated permeability. 
In developing the method for describing the continuation of infiltration 
below such restrictive layers, moisture was assumed to progress downward 
with successive distribution developments like those of Figure 30. This 
figure corresponds to the surface infiltration sequence given by Childs 
(1969) for cases where constant infiltration rates are maintained. In 
the adaptation of this sequence, the moisture concentration which has 
developed in the lower horizon was assumed to be determined fay the forma­
tion of a steady-state relationship between the rate of moisture trans­
mission through the restrictive layer and the rate of transmission through 
the remainder of the profile. It was presumed that if the rate of trans­
mission through the saturated restrictive horizon were less than the 
hydraulic conductivity of the underlying soil when it was at field capa­
city, water would accumulate at the top of the underlying soil until its 
moisture content approached field capacity. At this moisture content, 
water would continue to move down through the profile, filling successive 
layers to field capacity. In cases where the saturated hydraulic 
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Figure 29. Hypothetical stages of penetration of the moisture 
profile vertically from a surface maintained at 
moisture content C into a profile initially at 
content Cq. The numerals indicate the order of 
development of the stages (Childs, 1969) 
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Figure 30. Hypothetical stages of penetration of the mois­
ture profile from the base of a restrictive layer 
into an horizon initially at content Cq. Cg is 
saturated moisture content of the restrictive 
layer. The numerals indicate the order of develop­
ment of the stages 
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conductivity of the restrictive layer exceeded the field capacity hydrau­
lic conductivity of the lower layer, the moisture level obtained in the 
deeper soil would be greater than its field capacity by some quantity. 
Xo adjustment was deemed necessary for this contingency because little 
or no gain in information could be expected from any effort put forth 
to account for occasions on which it would occur. 
After determining the method of infiltration, the next problem was 
to devise an appropriate moisture redistribution method. Because extrac­
tion and evaporation of moisture from the profile are not constant for 
each day and because precipitation occurs in no systematic pattern, any 
form of moisture distribution with depth is possible. Therefore, re­
distribution rate changes must be based on individual layer moisture 
contents, not on an assumed uniform soil moisture profile distribution. 
Since the general rate of permeability for a soil profile has been found 
to be determined principally by the thickness and permeability of the 
"r-o C ^  ^^  ^^/^ r> fVio •r'o  ^C  ^ a 
model should also be influenced by the most restrictive soil layer. 
Comparisons between two empirical methods of redistributing water 
were made to determine which method and what rates would be most appro­
priate. For both cases redistribution was assumed to continue until layer 
moisture contents reached field capacity; no further redistribution was 
undertaken. The results computed from each method over the 4-day period 
following infiltration were compared with the results of infiltration and 
redistribution field studies from seven soil profiles (Benoit, 1959; 
Burrows, 1957; Nielsen, 1958). 
-b Method A employed an empirical drainage equation, M = aT , where M 
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is the cotai soil moisture content, T is time in days after infiltration, 
a is moisture content one day after infiltration, and b is a constant 
determined by soil characteristics. Wilcox (1959) found the equation 
appropriate for estimating drainage below the root zone in well drained 
soils of reasonably uniform texture. A daily moisture loss equation can 
-b be derived from M = aT by differentiating the moisture content equation 
with respect to T to give L = -2bT Solving the original equation 
for T to obtain T = (M/a) and substituting into the daily loss 
equation yields L = -ab(M/a)^^^^^^^. This loss equation was progranmsd 
into the soil moisture model to describe redistribution of water held 
above PAWC. In order to have estimates of a and b values for each soil 
in the study, Figure 31 was constructed from data obtained by Wilcox for 
12 separate soils. Ten points on the curve were selected to represent 
general classes into which any soil could be placed. What were believed 
to be the most appropriate redistribution classes for each of the seven 
soils used by Benoit, Burrovs and Nielsen '.-.-era then compared tc tha results 
from their field studies. The redistribution rate classes for these soils 
were chosen on the bases of physical similarities to soils used in the 
study by Wilcox. Two additional comparisons were made in which adjacent 
higher and lower redistribution rate classes were used except where the 
initial selection was either rate ->"1 or rate #10; in these cases rates 
i'2 and 3, and ->'8 and 9 were used, respectively. 
Method 3 was also tested by making comparisons with the same seven 
profiles. For this method, daily fractional losses of moisture (Appendix 
Table 1) were obtained by determining moisture loss rates for 25 soils 
starting with total pore spaces which were 100 percent water-filled and 
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descending by 5 percent decrements to either 40 percent water-filled pore 
space or field capacity, whichever was reached first. The data of 
Appendix Table 1 were plotted on a single diagram from which ten moisture 
loss relationships were abstracted to represent ten redistribution classes 
(Figure 32). In the soil moisture program, redistribution losses for each 
layer containing water above field capacity were computed by multiplying 
the amount of moisture in the layer by an appropriate loss factor. The 
total water-filled pore space moisture percentage and the soil redistri­
bution class were used to obtain the loss factor from Figure 32. 
The appropriate redistribution class was determined in a subjective 
manner by considering the similarities of each of the seven soils with 
those in the set used to derive the loss rates. Restrictive horizon 
texture was the main factor used in placing a soil in a redistribution 
rate class. Estimated permeabilities and estimated bulk densities of the 
most restrictive horizons were used to increase or decrease the rate class 
by one unie iZ either of these factors inaicated that the redistribution 
rate should be more or less than the rate selected on the basis of texture 
alone. In some cases, internal drainage class was used to decide if a 
soil should be placed in a slower redistribution class. By using drainage 
as a criterion, a certain influence of landscape positioning was intro­
duced into the redistribution rate determination, but in such cases the 
soil types were known to be much more poorly drained than their textures 
indicated. These soils generally were found in low-lying positions and 
had high organic matter contents. 
The initial redistributions were undertaken immediately following 
infiltration, thereby determining the moisture content for the following 
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Figure 32. Moisture loss vs. water-filled pore space for 10 redistribution classes 
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day's stress and extraction calculations. For Method A, this initial re­
distribution amounted to setting the moisture contents of saturated layers 
to a; for Method B, this redistribution amounted to reducing a water-
filled layer by the 100 percent rate. The immediate redistributions were 
made for two reasons. Firstly, in terms of the sequence of processes in 
the model, some redistribution would occur following infiltration but 
prior to the root extraction and surface evaporation on the following 
day. Actually, the redistribution and extraction processes would occur 
simultaneously, but redistribution would not be appreciably altered at 
night. Secondly, the estimates of total pore space, as determined by 
computations from bulk and particle densities were too high to correspond 
to saturation under field conditions because no allowances were made for 
pores occupied by occluded air. 
In both methods, moisture losses from each layer were added to the 
next lower layer not containing moisture at or above field capacity. In 
other words, redistribution of moiscure below une depth of infiltration 
proceeded from the lowest layer containing moisture in excess of field 
capacity, filling each lower layer to ?AWC as redistribution progressed. 
Note that no consideration was given to any restrictive layer below the 
depth of initial infiltration because the redistribution rate for the soil 
was based primarily on characteristics of the most restrictive horizon in 
the profile. It was assumed that although shallow infiltrations may not 
reach a restrictive horizon, subsequent redistributions would cause 
moisture percentages to increase just above the restrictive horizon, 
resulting in decreases in moisture potential differences among layers 
lying over the restrictive layer. The decreases in potential differences 
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would tend to reduce the redistribution rate within the volume of soil 
above the restriction. Although moisture profiles obtained by both proce­
dures used to redistribute water above a restrictive layer would not have 
the same general form as profiles found under field conditions, the pro­
files would reflect the generally higher moisture content of the soil 
resulting from impeded drainage. 
A rationale for the general redistribution procedure can be found in 
studies by Biswas et al. (1966) and Gardner et al. (1970). By using 
three soil types homogeneously packed into columns, Biswas et al. followed 
redistribution with time by determining moisture profile changes. Their 
results (Figures 33, 34, and 35) indicated similar patterns for all soil 
types and depths of initial infiltration. Some differences occurred in 
the upper portions of the profiles but all soils discharged excess mois­
ture through the base of the initial infiltration profile, leading to 
more uniform moisture contents with depth. The soil studied by Gardner 
St cl. shewed the same geaeral rediscribucion behavior following each of 
three infiltration and redistribution cycles (Figure 36). Surface evapo­
ration was prevented in both studies cited above. 
The arbitrary decision to wet lower layers to field capacity as 
restrictive layers were encountered during infiltration or as redistri­
bution proceeded through the base of an infiltration profile was based 
on the general concept of field capacity, i.e., the uniform moisture 
content profile which develops after redistribution reaches the stage at 
which hydraulic conductivity is low enough to make further changes in 
moisture content almost imperceptible (Childs, 1969). At this moisture 
content a sharp increase (decrease) in hydraulic conductivity occurs as 
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Coluiubia silt loan. Zero water content corresponds to 0.02 
g/cm^ before infiltration; 11.9 and 17.9 cir. water infiltrated 
in left and right diagrams, respectively (Biswas et al., 1966) 
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jure 35. Soil water profiles during redistribution of water in Aiken 
clay loan. Zero water content corresponds to an initial 
value of 0.03 g/câi^ before infiltration; 13.7 and 20.6 cm 
water infiltrated in left and right diagrams, respectively 
(diswas et al., 1966) 
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Figure 36. Soil water profiles during redistribution of 
water in Filat fine sandy loam following one, 
two, and three irrigations of 5 cm each 
(Gardner et al,, 1970) 
a small amount of water is added (removed). Therefore, if water tables 
do not build up because of deep internal drainage restrictions, the mois­
ture contents oi tnese lower layers wimlu not have to increase above field 
capacity in order to maintain a downward moisture advance. Two factors, 
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(a) adequate hydraulic conductivity through the moisture profile above the 
wetting front and (b) a steep potential gradient across the front, combine 
to move water deeper into the profile although the water content need not 
substantially exceed field capacity. 
Surface evaporation modifications 
Because the moisture regime in the early part of the growing season 
determines whether excess moisture conditions occur, and because the root 
system is shallow during this period, surface evaporation estimation 
method becomes important. The daily estimate should be dependent on 
atmospheric and soil conditions, and not a constant reflecting an average 
condition. Therefore, three variations of a single modification were 
made. For all variations, potential soil surface evaporation (PSSEV) 
was assumed to be 80 percent of daily pan evaporation. Rationale for 
the 80 percent coefficient can be found in the first-stage bare surface 
evaporation data of Fritton, Kirkham, and Shaw (1967) and Bond and 
Willis (1970). For a constant free water evaporation potential of 1.0 
cm/day, Bond and Willis' data indicated a first-stage loss of approxi­
mately 0.83 cm/day from a bare surface. For free water evaporation 
potentials of 0.51, 0.73, 1.13, and 1.92 cm/day, data of Fritton et al. 
indicated linear losses of approximately 0.4, 0.6, 1.1, and 1.5 cm/day, 
respectively. 
The three variations provided for full PSSEV removal if the amount 
of water in the top layer exceeded PAWC by a factor (FACT) of 0.5, 1.0, 
or 1.5 cimes PSSEV. If moisture in the top layer were below these 
levels, surface evaporation was found by multiplying PSSEV by the ratio 
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of (PAW + ?SSEV*FACT) to (PAWC + PSSEV*FACT). The objective of the modi­
fication was to reduce surface evaporation as field capacity level was 
approached. 3y using PSSEV, PAW, and PAWC to determine the moisture 
content at which the linear stage of evaporation has given way to impeded 
evaporation and to obtain the reduced evaporation estimate, an attempt 
has been made to account for a decrease in hydraulic conductivity near 
the soil surface as drying increases under strong evaporative conditions. 
In devising this modification, it was assumed that hydraulic conductivity 
began to decrease most abruptly at some water content above field capacity 
and that the water content at which this decrease occurred depended on 
evaporative demand. Furthermore, it was assumed that the reduction in 
surface evaporation potential was controlled by the moisture deficit in 
the surface layer relative to the moisture content necessary to maintain 
first-stage evaporation. The net effect of the modification has been to 
cause the surface moisture removal rate to asymptotically approach zero 
as moisture is depleted. In the i^odel, surface evaporation estimates fr= 
this modification ceased when the program entered the post-June 7 extrac­
tion period. Yield regressions from Linn County indexes. Clay County 
indexes, and their combined indexes were computed to see if model improve­
ments could be obtained by using any of the three variations as opposed 
to a constant potential surface evaporation of 0.1 inches. 
Stress index modifications 
>lodel-derived stress indexes used in past studies have been based on 
two values obtained for each day : plant available water percentage and 
pan evaporation loss. These values have been used in three basically 
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different methods to obtain daily estimates of the relative efficiency of 
the net photosynthetic processes, with indexes being derived by summing 
the estimated efficiencies over an arbitrary period. 
In the first method of obtaining an estimate, atmospheric demand has 
been tested against soil moisture supply by the use of a turgor loss 
function. Pan evaporation, adjusted for growth stage, has been the measure 
of atmospheric demand and PAWC percentage in the root zone has been the 
measure of soil moisture supply. The turgor loss function, as determined 
by Deninead and Shaw (1962), indicates whether or not the moisture percen­
tage which is present in the root zone is sufficiently extractable to 
maintain leaf turgidity. The tests have been made by dividing the greater 
of either (a) the root zone moisture percentage or (b) the surface foot 
moisture percentage by the moisture percentage obtained from the turgor 
loss function for the prevailing atmospheric demand; if quotient (RATIO) 
is greater than 1.0, a non-stress day is assumed. Thus, this test forms 
the basis for the non-stress day index: 
NSD = ]]q where q = 1 if RATIO >1,0 
= 0 otherwise. 
RATIO also forms the basis for another index, 1-RAT10: 
1-RATIO =]J(1,0 - RATIO?) where RATIO? = 1.0 if RATIO > 1.0 
RATIO? = RATIO otherwise, 
1-RATIO has been used in an attempt to include the intensity of stress in 
an index. 
The second method of obtaining a measure of the relative efficiency 
of the net photosynthetic processes has been to sum the relative 
transpiration ratios for each day in the index period. The relative 
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transpiration ratio used for this purpose has been obtained by using the 
greater of the PAWC percentage for the root zone or the PAWC percentage 
for the surface foot. The soil moisture percentage is then used with the 
daily pan evaporation value to determine the relative transpiration ratio 
from the relationships in Figure 26. In the work presented here, this 
index is referred to as DEFCT. 
The third method of estimating the relative efficiency of the net 
photosynthetic process has been based of estimates of relative water 
content of the canopy at 1400 hours each day. PAWC percentages and pan 
evaporation data are necessary for this index also. The relationships 
between relative photosynthesis and relative water content, PAWC percen­
tage, and pan evaporation were obtained for soybean canopies by Laing (1966), 
but have been used for com stress indexes by Corsi and Shaw (1971) and 
Voss et al. (1970). This method has not been used here. 
Because of their relative nature, the stress indexes described above 
consider only the ability of soil moisture to maintain leaf turgor under 
a given set of atmospheric conditions. The indexes reflect nothing about 
the level of photosynthetic activity on any particular day. For example, 
net photosynthesis of a corn crop would be much higher on a bright, 
cloudless, non-stress day then on a heavily overcast non-stress day. 
This is demonstrated in Figure 37 (Baker and Musgrave, 1964). At high 
soil moisture contents, radiation differences have caused pronounced 
differences in net photosynthesis. However, at low soil moisture con­
tents, the efficiency of the high radiation treatment was reduced relative 
to the low radiation treatment and evaporative demand differences produced 
greater photosynthetic differences within equal radiation treatments. 
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Figure 37. Apparent photosynthesis versus soil moisture tension 
at several vapor pressure deficits (eg-ea) and two 
light intensities. Solid lines, 20 langleys/15 min.; 
dashed lines, 8 langleys/15 min. Left diagram, mid-
August; right diagram, early-September (Baker and 
Musgrave, 1964) 
Therefore ; stress indexes -.-.'ere vcightcd by daily pan evaporation observa­
tions in an attempt to account for differences in daily photosynthetic 
rates. Although daily pan evaporation rates are not functions of radia­
tion alone, they are highly associated with daily net radiation, and 
therefore, should indicate the amount of energy available for photosyn­
thetic activity. By incorporating pan evaporation estimates into the 
indexes an attempt was made to account for differences in energy conver­
sions resulting from water deficits which curtail carbon dioxide diffusion 
into the leaves. 
A crop growth stage weighting modification was also incorporated into 
tne stress indexes. The weights were derived principally from observations 
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of stress impact on yields as found by Claassen and Shaw (1970b). The 
weighting procedure was similar to the procedure of Hiler and Clark (1971). 
Weights for each day were obtained from the relationship (100-R)/100 where 
100 represents the relative yield of unstressed plants and R was the rela­
tive yield for plants stressed during the appropriate periods. The weights 
are shown in graphical form in Figure 38, but they were entered in the 
model in tabular form for each of the 63 days in the stress period. 
Excess moisture indexes 
Three basic types of excess moisture indexes were incorporated into 
the model. The first index, designated MOISDY, was computed by totaling 
the number of days any layer in the root zone was above field capacity. 
The total was taken for a 46 day period beginning three days after plant­
ing; this arbitrary period was chosen because the literature review indi­
cated that early growth stages were most affected by excess moisture. 
Three days were allowed for germination following planting. To reduce 
the correlation between excess moisture indexes and stress indexes, excess 
moisture calculations were terminated seven weeks after planting. For 
example, if corn had been planted on May 15, index computations would 
stop on July 3. 
The second type of index was computed by finding the fraction of the 
root zone in which the layer airspace was estimated to be less than 10.0 
or 15.0 percent by volume, and totaling these fractions over the 
same period used for XOISDY. For example, if on a particular day the 
root zone was at a depth of two feet but the surface 6-inches was the 
only layer with an airspace percentage less than the criterion, then uhat 
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Figure (8. Weights for stress periods, six weeks before to 3 weeks after 75 percent silking 
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day would add 0.25 to the index. If the root zone had been just 6-inches 
deep, then 1.0 would have been added to the index. These indexes were 
designated EXM02 and EXM04, for criteria of 10.0 and 15.0 percent, respec­
tively. Subsequently, a third and fourth index, EXMOl and EXM03, were 
added to the group by using 7.5 and 12.5 percent as criteria, respectively. 
MOISDY, EXM02, and EXM04 were computed in weighted and unweighted 
versions. The weighting system was devised to account for the reduced 
impact of excess moisture with plant development. The weights used were 
based on data of Ritter and Beer (1969); a graphical representation of the 
weights is shown in Figure 39. Since Ritter and Beer (1969) did not give 
treatment dates, plant ages were estimated from descriptions of develop­
ment at the times treatments were imposed. The weights were derived for 
each day in basically the same manner as weights for the stress indexes, 
i.e., (100-R)/100 where 100 is the relative yield of untreated plants and 
R is the relative yield of the treated plants. Preliminary tests were 
For the third type of index, surface layer airspace, as estimated by 
the model, was summed for the 21 day period commencing three days after 
planting. This index, designated AIRVOL, was suggested by work of Dasberg 
and Bakker (1970), in which the mean daily soil air content gave a simple 
correlation coefficient of 0.82 with early vegetative bean growth as 
measured by dry matter production. 
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rigurc 39. Weights used for the excess moisture period starting 
at planting 
RESULTS AND DISCUSSION 
Results of adaptations and modifications are presented and discussed 
in the first part of this chapter. In the second part, a series of equa­
tions found by regressing com yields on weather indexes and soil and 
management factors are presented. A discussion of the weather indexes 
and their significant interactions with other variables concludes the 
second part of the chapter. 
Model Adaptations and Modifications 
In this section, results of alternative adaptation and modification 
methods for six model segments have been presented and discussed. The 
topics are covered in the order: redistribution modifications, initial 
analyses of counties, stress weighting modifications, PAWC adaptations, 
surface evaporation modifications, and excess moisture index calculations. 
Redistribution modifications 
Moisture percentages for six soils observed during redistribution, 
and the percentages calculated by using redistribution methods A and 3, 
a-" described in tne model modification section of Methods and Materials, 
are show-n in Table 8. Of the three redistribution classes run for each 
of the six soils, only results from the class which produced the soil 
moisture percentages most closely approximating field observations are 
given. Also, results are given only for those layers in which moisture 
significantly exceeded field capacity on infiltration. The observed 
r.-;oio::ure percentages for each of the six soils were obtained from graphs 
in the theses of Benoit (1959), Burrows (1957), and Nielsen (1958). In 
Ta!)In 8. Comparisons of methods of redistribution. 
12, 36, 60, and 84 lir after infiltration 
Percent moisture 
for each perlod 
1 2 ' 3 4 
Ida 0-6 34 33 32 32 
Method A 6-12 33 32 31 31 
Class 5 12-18 33 31 31 30 
18-24 33 31 31 30 
24-30 35 33 32 32 
Ida 0-6 32 31 29 28 
Method li 6-12 32 31 29 28 
Class 4 12-18 32 31 29 28 
18-24 32 31 29 28 
24-30 30 30 30 30 
Ida 3-9 32 30 29 29 
Observed, average 9-15 30 28 28 28 
of 4 plots 15-21 30 29 28 28 
(Nielsen, 1958) 21-27 32 30 29 29 
27-33 33 31 31 30 
Floyd 0-6 45 44 43 43 
Method A 6-12 45 44 43 43 
Class 6 12-18 44 42 42 41 
18-24 40 38 37 37 
24-30 39 37 37 36 
Soil, method, and Depth, 
redistribution class inches 
Periods 1, 2, 3, and 4 refer to approximately 
Percent moisture 
Soil, method, and Depth, for each period 
redistribution class inches 12 3 4 
Monona 0-6 39 37 37 37 
Method A 6-12 39 37 37 37 
Class 5 12-18 38 37 36 36 
18-24 37 35 35 34 
24-30 35 34 33 33 
30-36 34 34 32 32 
Monona 0--6 35 34 32 32 
Method 15 6--12 36 34 32 30 
Class 5 12--18 37 35 33 32 
18--24 38 36 35 33 
24--30 25 25 25 25 
30--36 25 25 25 25 
Monona 3-9 36 34 33 33 
Observed average 9-15 33 31 30 30 
of 4 plots 15-21 31 30 29 29 
(Nielsen, 1958) 21-27 31 29 28 28 
27-33 31 28 28 27 
33-39 32 29 28 27 
Webster 0--6 51 50 50 49 
Method A 6--12 50 49 49 49 
Class 7 12-•18 49 49 48 48 
18--24 50 49 49 49 
Table. 8. (Continued) 
Percent moisture 
Soil, method, and Deptli, for eacV L-D.ei-lod 
redistr Ibut ion class inches 1 2 3 4 
r 1 oyd 0-6 42 40 40 40 
tk^ttiod 15 6-12 40 38 38 38 
Class 8 12-18 36 35 33 32 
18-24 30 29 28 28 
24-30 28 28 28 28 
Floyd 3-9 41 39 39 39 
Observed average 9-15 38 38 37 37 
of 4 plots 15-21 34 33 33 33 
(Nielsen, 1958) 21-27 30 29 28 28 
27-33 30 29 29 29 
Colo 0-6 45 44 43 43 
Method A 6-12 45 44 43 42 
Class 6 12-18 44 42 42 41 
18-24 39 38 37 37 
Colo 0-6 42 40 38 37 
Method B 6-12 41 39 38 38 
Class 7 12-18 39 38 38 38 
18-24 38 38 38 38 
Colo 3-9 38 37 37 37 
Single plot 9-15 39 38 38 38 
observation 15-21 39 39 39 39 
(fJenoit, 1959) 21-27 39 39 39 39 
Percent molfiture 
Soil, method, and Depth, for each period 
redistribution class inches 12 3 4 
Webster 0-6 49 46 44 42 
Method 15 6-12 46 44 41 39 
Class 10 12-18 42 40 38 36 
18-24 40 38 36 36 
Webster 3-9 47 46 45 45 
Observed average 9-15 40 39 39 38 
of 4 plots 15-21 39 39 38 38 
(Nielsen, 1958) 21-27 40 39 38 38 
Marshall 0-6 32 31 31 31 
Metliod A 6-12 34 33 32 32 
Class 4 12-18 34 34 34 34 
18-24 36 34 34 34 
24-30 35 34 34 34 
Marshall 0-6 33 31 31 31 
Method 15 6-12 34 32 31 30 
Class 4 12-18 34 34 34 34 
18-24 34 34 34 34 
24-30 34 34 34 34 
Marshal1 3-9 32 31 31 31 
Observed average 9-15 33 32 31 31 
of 5 plots 15-21 35 34 34 34 
(Hurrows, 1957) 21-27 36 34 33 33 
27-33 36 34 33 33 
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all cases, the graphs in these theses had been drawn from determinations 
made with a neutron moisture probe. Because of errors attendant in neu­
tron probe measurements made near the surface, the topmost probe readings 
were given for the 3- to 6-inch layer. 
Results obtained for a seventh soil, a Thurman loamy sand, are not 
presented because the initial redistribution by both methods placed mois­
ture at PAWC. Field data had shown redistribution to be essentially 
completed within 12 hours following infiltration for this soil. 
Comparisons for the six soils were made against graph readings at 
12-, 36-, 60-, and 84-hour intervals following infiltration because the 
percentages at these times most closely correspond to the intervals used 
in the program cycle. As explained in the modification description, the 
first redistribution was undertaken immediately upon infiltration to 
compensate for occluded air pockets not accounted for in the procedure 
and to allow some redistribution to take place following a rainfall but 
before any major extraction occurred. The overall effect of the initial 
redistribution was to establish an average soil water content from which 
évapotranspiration would be withdrawn on the day following infiltration. 
In general, the observed moisture percentages were more closely 
parallelled by results derived using Method B than those derived using 
Method A. This was especially true for the finer textured soils, viz., 
Colo, Floyd, and Webster. The generally larger deviations between ob­
served and those derived using Method A can be attributed to using the 
drainage equation (M = aT for an unintended purpose. Wilcox (1959) 
has pointed cut that the relationship was derived for well-drained, 
uniform soils and that it was designed to predict long term, drainage 
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from an entire profile. He also noted that for the first few days follow­
ing infiltration, the equation was less accurate in drainage prediction 
than it was during later periods. Miller and Aarstad (1972) have also 
shown that the equation overestimates drainage losses during the first 
two or three days following infiltration. Apparently, deep drainage does 
not proceed until infiltrated water has ceased redistribution within the 
profile. By arbitrarily starting the equation on the day following infil­
tration while basing the equation parameters on long term drainage obser­
vations, the procedure underestimates drainage from upper layers to lower 
layers within the profile of finer textured soils. Some adjustment in 
the equation parameters might improve the results obtained by Method A. 
In particular, lower starting moisture contents for finer textured soils 
would probably improve the descriptive ability of the method. However, 
because of the completely subjective nature of selecting both the starting 
moisture content and the redistribution rate class for each soil, no 
further effort was put forth to adjust Method A. and Method 3 -ras adopted 
for the redistribution segment. Method 3 also had the merit of reaching 
PAWC nore rapidly in the later, less critical stages of redistribution, 
thereby reducing computer time requirements. 
Initial county analyses 
After assenblying the necessary soil moisture model components for 
each county, weather indexes were computed using the constant surface 
evaporation method and a 10 percent decrease in original PAWC estimates. 
These indexes were computed in order to check the input data for record­
ing and card sequence errors. The two weather indexes, DEFCTV and EXM03, 
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plus three more variables (planting date, stand, and the square of (stand-
160) when stand exceeded 160 stalks per 1/100 acre) were used in a small 
corn yield regression model to determine if the indexes consistently pro­
duced high or low values for a site because of overestimation or under­
estimation of redistribution class or PAWC for some layers in the profile. 
When the residual values for a site appeared to be high or low, causes were 
sought by examining site information pertaining to fertility and manage­
ment . The soil profile description was re-examined and in several cases 
the original PAWC estimates were increased or decreased and/or the re­
distribution class was changed if the description indicated that altered 
estimates were in order. PAWC adjustments never exceeded 0.50 inches 
per profile, and redistribution classes were never changed more than one 
unit. In two cases, both in Linn County in 1969, yield observations were 
eliminated from the data because of known factors which could not be 
accounted for either in the soil moisture model or in the subsequent 
regression analysis. In one case, the stalks had been submerged accvs 
the ear node causing physiological damage to the aerial portion of the 
plant. In the other case, the site had remained near saturation because 
of horizontal seepage for a period extending up to and past the normal 
silking stage. No changes were made in the original data from any county 
until after all initial analyses had been completed for all counties and 
the final form of the soil moisture program had been determined. Changes 
were then made before final computations were undertaken. 
Since data for Linn, Clay, and Muscatine counties had been assembled 
first, the unaltered data for these counties were used in preliminary 
tests of some adaptations and modifications. 
Because some model data were eventually altered in all counties, and 
because many factors known to be important in the determination of corn 
yields were omitted from the regression models used for checking the data, 
no detailed comparisons were made of the differences between the equations 
obtained for each county. However, a general pattern in the DEFCTV 
regression coefficients warrants comment (Table 9). The values of the 
coefficient for the three western-most counties (Adams, Clay, and Lyon) 
were about one-half the values for the three eastern-most counties (Howard, 
Linn, and Muscatine). The DEFCTV coefficient for Hamilton County was 
between these two groups. Pan evaporation observations were higher in 
the western half of the state. If these higher observations were caused 
by advected energy, then the pan evaporation values used to weight the 
indexes for radiant energy would be too high in the western counties, 
especially during dry seasons when advected energy was important. There­
fore, indexes would be unduly large in spite of a greater potential for 
the occurrence of stress conditions. To support this argument, it is 
noted that when the energy weighing factor was used on DEFCTW to obtain 
DEFCTV, the correlations between the index and yield in the western 
counties were not enhanced as much as they had been in the eastern 
counties (Table 10). 
It can also be seen from Table 10 that the simple correlations 
between yield and DEFCTW were small and negative in Hamilton and Adams 
counties. These counties had the narrowest total PAWC estimates of the 
seven counties. Neither county included a site which could be classed 
as excessively drained, and both counties, in comparison with the others, 
had relatively more soils which fell in the three slowest redistribution 
Table 9. Initial inclividiial county regression equations of yield on selected variables 
Variable? Coef, t-va lue Variable Coef. t-va hie 
Achmis 
Plant inj', date -0 .8436 -3.29 Planting date -0 .7286 -3.19 
DEFCIV 18.4189 2.96 DEi'C'lV 16 .0509 6.21 
KXM03 -2.1995 -2.68 EXM03 -2 .7351 -2.61 
Stand 0.5772 6.20 Stand 0.4824 7.07 
(Stand-160)2 -0.0156 -2.46 (Stand-160)2 0 .000/4 0.16 
Intercept -12.5329 -0.49 Intercept -4 .4517 -0 .33 
= 0.502 R2 = 0.482 
No. obs. - L15 No. obs. = 207 
Hamilton Howard 
Planting date -0.4312 -2 .32 Planting date -0, 3086 -0 .96 
DEI'CTV 24.4158 4.08 DEFCTV 41. ,2736 8.28 
liXMOl -3.0864 -3.34 EXM03 0.4754 0.41 
St^nd 0.4833 8.74 Stand 0. 4053 4.30 
(Stand-160)^ -0.0029 -2.02 (Stand-160)2 -0. ,0002 -0.15 
intercept -34.7155 -1.61 Intercept -98. 1248 -4.40 
R2 = 0.481 
No, obs. = .^09 
r2 = 0.594 
No, obs, = 125 
Table 9. (Coiit iiuiecl) 
Variable. Coef. t-va lue 
Li nil 
Planting date -0 .3014 -1 .25 
DKKCrV 33 .3072 5 .36 
EXMt);i 
-2, .2006 -1 .04 
Stand 0, .4168 5 .76 
(Stand-160)2 -0. ,0012 -1 .14 
Intercept -52. 2751 -2 . 16 
r2 = 0.384 
No. obs, = 202 
Muscatine 
Plant in); date -0, .3844 -2 . 14 
DM FCTV 37, ,3534 5 .0] 
IÎXM03 
-2, 6351 -1 .47 
Stand 
(Stand-]60)2 
0, ,4137 6 .60 
-0, ,0013 -1 .26 
Intercept -59, 4288 -2 .26 
= 0.541 
No. obs, = 166 
t-value 
LX.'îil 
Planting date -0, .6079 -2.86 
UKKCrV 14, .2965 7.05 
EXM03 -5, .1214 -0.84 
Stand 0, .3571 5.99 
(Stand-160)2 -0, .0026 -0.67 
Intercept 17, 4064 ] .49 
r2 == 0.110 
No. obs. - 208 
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classes (8, 9, and 10). Many soils 
and although not readily subject to 
excess moisture effects on yields, 
there were a few sites which appear 
estimates were reduced prior to the 
in these counties are fine-textured, 
stress conditions, they can cause 
In both of these counties, however, 
d to have high ?AWC estimates. These 
final index computations. 
Table 10. Simple correlations between yield and DEFCTV and DEFCTW, and 
means and standard deviations of DEFCTV and DEFCTW generated in 
the initial county analyses 
Index 
County Statistic DEFCH' DEFCTW 
Adams 
115 observations mean 
std, dev. 
0.196 
3.45 
0.313 
-0.034 
14.27 
1.37 
Clay 
207 observations mean 
std. dev. 
0.328 
2.87 
0.556 
0.250 
11.90 
2.30 
Hamilton 
208 observations mean 
toCG. dev. 
0.347 
3.28 
0.232 
-0.059 
14.47 
1 .10  
Howard 
125 observations mean 
std. dev. 
0.655 
3.11 
0.437 
0.450 
13.75 
2.03 
L,inn 
202 observations mean 
std. dev. 
3.35 
0.284 
0.298 
14.59 
1.09 
Lyon 
208 observations mean 
std. dev. 
0.303 
2.27 
0.712 
0.246 
10.67 
2 . 8 6  
/.uscatine 
166 observations 
r 
mean 
std. dev. 
0.532 
3.26 
r, got 
0.278 
14.61 
0.96 
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Stress index modifications 
In order to reduce the number of stress indexes computed by the soil 
moisture model, preliminary simple correlation coefficients were calcu­
lated between an assortment of stress indexes and the yields obtained 
from Linn and Clay County sites. These coefficients are presented in 
Table 11. As described in the model modification section, the growth 
stage weights were incorporated by multiplying the original index by the 
appropriate value from Figure 38. Energy weights, estimated by daily pan 
evaporation losses, were similarly incorporated. 
Table 11. Simple correlation coefficients between stress indexes and 
corn yields 
Coefficient 
Index Linn^ Clay 
Unweighted : 
XSD 
1 -ivri 1 i.G 
DEFCT 
0.141° 
^c c 
0.274 
0.092 
-0.176 
0.218 
Weighted for growth 
NSDW 
(l-RATIO)W 
D£FC"W 
stage ; 
0.121 
-0.254 
0.298 
0.103 
-0.185 
0.250 
Weighted for 
X3 
DEFCTV 
growth scage and energy : 
0.431 
0.398 
0.433 
0.324 
0.347 
0.323 
^202 observations in Linn County; 207 observations in Clay County. 
^Correlation coefficient at the 0.05 and 0.01 levels of significance 
for 200 degrees of freedom are 0.138 and 0.181, respectively. 
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Further explanation must be given for indexes XI and X3. XI was the 
63-day suimnation of stressed évapotranspiration weighted for growth stage. 
The stress adjustment factor for calculating stressed évapotranspiration 
was based on the greater of either the percent moisture in the root zone 
or in the top foot. XI was similar to D£FCT\' except that the former was 
multiplied by a growth stage évapotranspiration adjustment factor obtained 
from Figure 24. X3 corresponded to weighting 1-RATIO for energy, but 
because 1-RATIO was negatively associated with yield whereas increases in 
energy are positively associated with yields, the energy weighting could 
not be made straight-forwardly. Therefore, X3 was calculated by weighting 
RATIO? to produce a positive correlation with yield. 
Three features of the indexes were clear. Firstly, as a group, the 
indexes weighted by the daily pan evaporation loss and the growth stage 
factor were more strongly associated with yields than the unweighted 
indexes or those weighted only by a growth stage factor. Secondly, the 
indexes based on RTR2, viz.. DF~CT, , and ^E~CTV_ generally T^ere 
superior to indexes based on RATIO?, viz., NSD, XSDW, 1-RATIO, (l-RATIO)W, 
and X3. Thirdly, the growth stage factor did improve the simple correla­
tions in both counties when applied to DEFCT. i.owever, the factor was 
harmful when applied to XSD and 1-RATIO (RATIO?) in Linn County. 
In view of these simple correlations, DEFCT, DEFCTW, DEFCTV, XI, and 
X3 were retained for further work. Also, DEFCTX, an index obtained by 
weighting DEFCT by daily pan evaporation loss, was added to the model. 
Fiant available water capacity adaptations 
As explained in the section on model adaptations, the original ?AWC 
estimates obtained from Table 6, appeared to be high. Therefore, a series 
of systematic PAWC reductions were undertaken in an attempt to improve 
the relation between model indexes and yields. The reductions were made 
by (a) multiplying each layer PAWC by a fixed percentage and (b) sub­
tracting a constant value from each PA'.JC after the percentage reduction. 
Table 12 contains regression coefficients, computed t-values, and 
9 
multiple correlation coefficients (?-") for six 5-variable regression 
models in which percentage and constant reduction combinations were varied 
according to the values shown. The data was obtained from 166 sites in 
Muscatine County. 
2 
Although no marked improvements occurred on the basis of R , the 
regression equations showed a general improvement in the indexes as re­
ductions were made by 5, 10, and 15 percent and zero constant values. 
The t-values for EXM03 increased with increases in percentage reductions, 
and, although no substantial increase in DEFCTV t-values occurred for 
Also, the simple correlation between DEFCTV and planting date increased 
(from -0.36 to -0.41), indicating some information associated with the 
planting date variable was shifted to the stress variable. This is to be 
expected if simulation improvements are achieved. 
Simple correlations between yield and DEFCTV, DEFCT, EXM02, and 
EXX03 are presented in Table 13. No definite pattern can be detected in 
these correlations except for an increasing trend in the strength of the 
relationship between DEFCT and yield as the reduction percentages increased 
from 5 to 10 to 15. The combinations of constant and percentage factors 
causing the largest PAWC reductions (the last four combinations in the 
Table 12. Regression equations of yield on selected variables using 
indexes obtained with different PAWC-estimate reductions, 
Muscatine County, 166 observations 
Reduction factors 
Variable Constant Percent R- Coef. t-value 
0.00 5 0.537 
Planting date -0.4189 -2.34 
DEFCTV 37.7304 4.90 
EXM03 -1.8168 -1.09 
Stand 0.4144 6.57 
(Stand-160)^ -0.0012 -1.29 
Intercept 
0.00 10 0.542 
-60.4680 -2.24 
Planting date -0.384 -2.14 
DEFCTV 37.3534 5.01 
ZXM03 -2.6351 -1.47 
Stand 0.4137 6.60 
(Stand-160)^ -0.0012 -1.27 
Intercept 
0.00 15 0.548 
-59.4288 -2.26 
Planting date -0.3557 -1.98 
DEFECTV 36.6016 5.16 
EXM03 -4,0265 -1.85 
Stand 0.4190 6.76 
(Stand-160)2 -0.0012 -1.31 
Intercept 
0 - 05 1 r 1 0.550 
-57.6737 -2.27 
Planting date -0.3616 -2.02 
DEFECTV 36.2846 5.26 
EXM03 
-4.0247 -1.85 
Stand 0.4177 6.76 
(Stand-160)2 
-0.1209 -1.31 
Intercept 
0.10 5 0.551 
-56.2426 -2.28 
Planting date 
-0.3771 -2.12 
DEFCTV 35.7647 5.35 
EXMOj 
-3.3888 -1.66 
Stand 0.4139 6 .68 
(Stand-160)^ 
-0.0012 -1.29 
Intercept 
0.12 0 0.550 
-53.5869 -2.23 
Planting date 
-0.3927 -2.22 
DEFCTV 36.1970 5.34 
EXM03 
-2.7573 -1.55 
Stand 0.4139 6.68 
(Stand-16 0)^ 
-0.0012 -1.30 
Intercept 
-55.0023 -2.27 
Table 13. Simple correlation coefficients between yield and indexes de­
rived from soil moisture models using reduced PAWC estimates, 
Muscatine County, 166 observations 
Reduction factors Index 
Amount Percent DEFCTV DEFCT EXM02 EXM03 
in layer 
0.00 5 0.527 0.269 -0.158 -0.124 
0.00 10 0.532 0.286 -0.159 -0.143 
0.00 15 0.530 0.294 -0.075 -0.148 
0.05 10 0.533 0.303 -0.059 -0.145 
0.10 5 0.533 0.311 -0.117 -0.151 
0.12 0 0.534 0.309 -0.150 -0.139 
table), in comparison with the 5 and 10 percent reductions, produced 
higher simple correlations between DEFCT and yields. 
Based on the correlations presented in this section and on results 
obtained from the initial county analyses completed at the time these PAWC 
alterations were made, EXM03 appeared to be the best indicator of detri­
mental excess moisture conditions. Therefore, tne selection of the mosc 
appropriate PAWC reduction combination was primarily based on the results 
of analyses with EXMG3 and DEFCT. With a 15 percent reduction in PAWC, 
correlations of DEFCT and EXM03 with yield were improved relative to 5 
and 10 percent reductions. However, instead of adopting the 15 percent 
reduction for use in the model, the combination of 10 percent and 0.05 
inches per layer was selected to further decrease the estimates in coarse-
textured soils. For soils having original PAWC estimates of 11.0 and 6.0 
incnes per 10 layers, this combinaticr. would decrease PAWC estimates by 
14.5 and 18.3 percent, respectively. 
Later analyses showed that this combination might not have been the 
best one because EXM02 was selected as the excess moisture index in the 
final regression equation. Further discussion of this problem is given 
in the section covering the full regression model. 
Evaporation modifications 
The different procedures used to estimate surface evaporation prior 
to July 7 are compared in Table 14 using simple correlations between 
yields and stress indexes and between yields and excess moisture indexes 
for Linn and Clay counties. The surface evaporation estimation procedures 
were described in the section on model modifications covered under Methods 
and Materials. Stress index correlations showed no pronounced improve­
ments occurring in either the single or combined county results. However, 
there was an increase in the Clay County correlations, perhaps reflecting 
a slight improvement in the simulation of the crop environment. These 
improvements increased as the factor (FACT) increased from 0.5 to 1.0 to 
1.5. 
Although little emphasis can be placed on changes in the low correla­
tion coefficients found between yields and the excess moisture indexes, a 
weak improvement in the simple coefficients was obtained when the surface 
evaporation method with FACT equal to 1.5 was compared to the constant 
evaporation method. On the basis of correlation coefficient changes, the 
other variable evaporation factors, i.e., 0.5 and 1.0, worsened the simu­
lation or soil moisture regime and, thus, the excess moisture indexes also 
To judge better the merits of the methods of estimating surface 
evaporation, small regression equations were computed using indexes 
lab le 14. Simple coD'elations between yields and the indexes obtained using models with different 
surface evaporation inetliods 
Coefficient 
Counties DEFCTV DHICTW DliFICT XI X3 KXM02 KXM03 
Constant EVAP 
Clay 0.323 0.250 0.218 0.324 0.313 -0.144 -0.113 
I,inn 0.433 0.298 0.274 0.431 0.398 -0.017 -0.023 
Clay t Linn 0.475 0.436 0.416 0.478 0.465 -0.160 -0.152 
Variable KVAP 
FACT - 0.5 
Clay 0.332 0.257 0.245 0.332 0.320 -0.122 -0.073 
Linn 0.435 0.299 0.280 0.433 0.399 -0.003 -0.001 
Clay I- Linn 0.477 0.437 0.422 0.479 0.466 -0.157 -0.122 
Variable EVAP 
FACT 1.0 
Clay 0.335 0.259 0.238 0.335 0.323 -0.131 -0.095 
I. Inn 0.435 0.300 0.281 0.432 0.399 -0.003 -0.039 
Clay -t- Linn 0.477 0.438 0.423 0.480 0.467 -0.168 -0.146 
Variable EVAP 
FACT = 1.5 
C lay 0.337 0.261 0.240 0.337 0.325 -0.143 -0.083 
Linn 0.435 0.300 0.282 0.432 0.399 -0.012 -0.050 
Clay -I Linn 0.477 0.438 0.423 0.479 0.466 -0.177 -0.157 
obcained from two of the soil moisture models, the constant surface 
evaporation method and the variable surface evaporation method with FACT 
equal to 1.5. Included as independent variables in the regression model 
were planting date, stand, the square of (stand-160) when the number of 
stalks per 1/100 acre exceeded 160, a stress index, and an excess moisture 
index. For each evaporation method, combinations of DEFCT\'' or XI and 
EXM02 or EXM03 were usee to obtain four equations for Linn County, for 
Clay County, and for combined county data. Regression coefficients, and 
their calculated t-values, for those equations containing DEFCTV and 
EXM02 or EXM03 have been presented in Table 15. Equations obtained for 
models using XI have not been shown because DEFCTV was slightly superior 
to XI on the basis of the t-values of their respective regression 
coefficients. The differences were minor as would be expected from their 
computational similarities. 
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The R values of the variable surface evaporation modification were 
only slightly higher than those of the constant evaporation model. In 
terms of regression coefficients, slight improvements in DEFCTV t-values 
were obtained by using the variable surface evaporation. Note, however, 
that t-values for planting date declined slightly when the variable 
evaporation modification was employed. This DEFCTV and planting date 
behavior is similar to that noted in the previous section; it apparently 
arises from an improvement in the simulation of the crop's environment. 
The calculated t-values for EXM02 were consistently higher in the 
variable surface evaporation model than in the constant surface evapora­
tion model. However, the t-value for EXX03 from the variable model was 
less than that from the constant model for Clav Countv data seoaratelv 
Table 15. Regression equations of yields on selected variables using indexes obtained with differ­
ent inp.thodfi of surface evaporation 
Var iable 
Linn I Clay 
Coef. t-value 
Clay 
Cocf. t-value 
Linn 
Coef. t-va lue 
Constant EVAl* 
I'Laiiting date 
Stand 
(Stand-160)^ 
HXM03 
DHFCTV 
Intercept 
-0.50726 -3.12 
0.51480 11.1 
-0,00176 -2,03 
-3.02812 -3,09 
22.0032 9.61 
-27.8288 -2 .80 
R2 = 0.514 
-0,72856 
0,48238 
0,00041 
-2,73511 
16.0509 
-4.452 
-3.19 
7.07 
0 , 1 6  
- 2 , 6 1  
6 , 2 1  
-0.33 
r2 - 0.482 
-0,30143 -1.25 
0.41680 5.76 
-0.00123 -1.14 
-2.20062 -1,04 
33.307? 5,36 
-52.2751 -2.16 
r2 = 0.384 
Variable KVAP 
I'ACT - 1,5 
l'Lan ting date 
Stand 
(Stand - 160)2 
KXM03 
DKFC'IV 
Intercept 
•l> 
-0.49359 
0,51503 
-0.00173 
-3.06411 
22,4406 
-29.8858 
= 
-3,04 
11,17 
- 2 , 0 0  
-2.99 
9,71 
-2,97 
0,515 
-0,71962 -3,15 
0.48289 7.09 
0.00035 0,14 
-2,2973 -2.07 
16.585 6,42 
-6.9889 -0.51 
r2 - 0.483 
-0.28730 -1.20 
0.41766 5.79 
-0.00123 -1.15 
-3.1461 -1.46 
33.614 5.43 
-53.656 -2,22 
R^ - 0,389 
Constant EVAP 
Planting date -0, 4920 -3 ,02 -0 ,7025 -3.09 -0,3027 -1.25 
Stand 0, .5131 11 .08 0 .4823 7.08 0.4135 5.67 
(Stand-160)2 -0, 001680 -1 .94 0 .0003 0.14 -0.0011 -1.06 
EXM02 -6, 8201 -2 ,87 -6 ,0474 -2.63 -2.4158 -0.29 
DMFCrV 21, ,8617 9 ,53 15 ,8361 6.14 32,8118 5.28 
Intercept -28, ,0989 -2 ,82 -5 .0132 -0.3675 -50.5637 -2.09 
r2 = 0 
.512 R2 = 0,483 R2 = 0.381 
Table 15. (Continued) 
Viir i.ab 1 e 
lilnn )' Clay 
Cocf. t-va lue 
Variable KVAP 
FACT = 1.5 
Planting date 
Stand 
(Stand-160)2 
KXM02 
DEFCTV 
Intercept 
-0.4831 -2.99 
0.5148 11.21 
-0.0017 -1.98 
-7.3171 -3.44 
22.2783 9.66 
29.9611 -3.00 
= 0.519 
_ Clay 
Coe f. 
l.inn 
t-value Coef. t-value 
-0.6959 -3.09 -0, .2962 -1.23 
0.4873 7.24 0, .4159 5.74 
0.0002 0.06 -0, .0012 -1.09 
-6.0062 -2.95 -6, 2604 -0.74 
16.5532 6.48 33 .0354 5.33 
-8.1129 -0.60 -51, ,7563 -2.14 
1{2 - 0.494 r2 = 0.384 
and the combined data of Linn and Clay counties. It should also be noted 
that on the basis of computed t-values, when derived from the variable 
evaporation model, EXM02 was superior to EXM03 in the Clay County analysis 
and in the combined analysis. The reverse situation was true for Linn 
County data. The calculated t-values for both excess moisture indexes 
in the Linn County analyses, however, did not achieve a five percent 
significance level. 
On the bases of these results, the variable surface evaporation 
method with FACT equal to 1.5 was selected for further soil moisture 
model computations. 
Excess moisture indexe s 
In the process of examining moisture stress indexes, PAWC estimates, 
and surface evaporation methods, three basic types of excess moisture 
indexes were calculated to determine if any merited further study. Ini­
tially, the simple correlation coefficients of the indexes with yield 
were inspected for proper sign, for magnitude, and for stability between 
counties. Low correlations with stress indexes were desired also. 
As described in the section on model modifications, the first of 
these indexes, XOISDY, was calculated by summing over an arbitrary 
period, the number of days in which some layer of the root zone was 
estimated to exceed field capacity. The simple correlations between 
yield and XOISDY obtained by using a model with a constant surface 
evaporation estimate are given in Table 16. For both the unweighted 
and weighted versions of the index, proper responses co excess moisture 
conditions would have been indicated by negative coefficients. The signs 
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Table 16. Simple correlations of weighted and unweighted excess moisture 
indexes with yield and DEFCT (constant surface evaporation 
model, PAWC reduced by 10 percent) 
Coefficient 
Yield DEFCT 
Index Clay Linn Combined Clay Linn Combined 
MOISDY 
Unweighted -0.075 0.167 0.273 
Weighted 0.117 -0.179 -0.002 0.338 0.614 0.582 
EXM02 
Unweighted -0.086 -0.010 -0.119 0.021 0.043 -0.091 
Weighted -0.144 -0.017 -0.160 0.033 0.032 -0.081 
EXM04 
Unweighted -0.032 -0.017 -0.069 -0.163 -0.212 -0.047 
Weighted -0.090 -0.027 -0.149 -0.129 -0.218 0.018 
of the indexes obtained from these data were inconsistent. Moreover, the 
simple correlations between weighted MOISDY and DEFCT were large relative 
to those between the other excess moisture indexes and DEFCT. Therefore, 
no further consideration was given to MOISDY. 
Weighted and unweighted versions of EXM02 a:id EXM04. determined by 
totaling the daily fractions of the root zone which were estimated to 
have less than 10.0 and 15.0 percent air-filled pore space, respectively, 
had the simple correlations with yield and DEFCT given in Table 15. 
These correlations indicated that, although the degree of association 
with yield was not high, EXM02 and EXM04 had the proper signs and were 
less correlated with DEFCT than with MOISDY. Furthermore, the weighting 
system improved the correlations with yield in all cases. 
Because of the results obtained with SXM02 and EXM04, the unweighted 
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indexes were discontinued and two more indexes, EXMOl and EXM03, were 
added to the model. The latter two indexes had criteria of 7.5 and 12.5 
percent air-filled pore space, respectively. 
Another index, AIRVOL, was also added to the model and examination 
of this index and the EXMO group of indexes was undertaken during the 
testing of surface evaporation modifications. Simple correlations between 
these indexes and yield and DEFCT are given in Table 17. 
For the proper response to excess moisture conditions, the correla­
tions between AIRVOL and yield would have to be positive, but the results 
obtained were inconsistent and AIRVOL was discontinued in the soil mois­
ture model. 
EXMOl, with a criterion of 7.5 percent air-filled pore space, pro­
duced zeros for all sites in Linn County and was also discontinued. EXM02 
and EXM03 were further examined in small regression equations. The results 
of these regressions were discussed in the section on surface evaporation 
indexes retained in the soil moisture model. 
An abbreviated flow chart is presented in Figure 40. Asterisks 
indicate segments which have been modified according to adaptation and 
modification results. A complete listing of the program, in FORTRAN IV, 
is given in the appendix. 
Regressions of Corn Yields on Weather Indexes 
and Soil and Management Variables 
To determine if the indexes derived from the soil moisture model 
would be useful in a general regression equation with soil and management 
Figure 40. Abbreviated modified model flow chart 
Legend ; 
IDATEl - actual starting dace (date of initial soil mois­
ture estimate) 
IDATE2 - actual silking date 
IDATE3 - planting date 
PAWC - plant available water capacity 
PAW - plant available water 
ESGT15 - PAWC plus air-space at field capacity 
WILT - pore space occupied by unavailable water 
EVEC - vector of daily pan evaporation values 
PVEC - vector of daily rainfall values 
KX - redistribution rate class 
IMPERV - most restrictive layer 
IDTE - phenological day counter 
PCP - daily rainfall value 
PCPN - daily net rainfall value 
RNF - runoff 
ET - unstressed évapotranspiration 
STET - stressed évapotranspiration 
* - indicates segments which have been modified 
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Table 17. Simple correlations of weighted excess moisture indexes with 
yield and DEFCTV (variable surface evaporation model, PAWC 
reduced by 10 percent and 0.05 inches per layer) 
Coefficient 
Yield DEFCTV 
Index Clay Linn Combined Clay Linn Combined 
AIRVOL 0, ,002 -0. , 115 0. ,148 0, ,020 -0, .478 0. 135 
EXMG2* -0. ,143 -0. ,012 -0. , 177 0. 032 0. 038 -0, .069 
EXM03 -0. ,086 -0. ,051 -0. 157 0, .045 0, .076 -0. 057 
EXM04 -0, ,059 -0. ,033 -0. , 145 0, .051 0, .108 -0. 053 
^Indexes in the EXMO group were weighted for growth. 
variables, several models were constructed using data from all seven coun­
ties. Initially, a correlation matrix was computed for yield, weather in­
dexes, soil and management factors, and interactions between those variables 
which were known to be important from past studies. The soil and manage-
=;2nt variables have been described in tne section on data sources under 
Materials and Methods. From the matrix, those variables which appeared to 
be promising, either because of their computed correlations with yield, or 
their otherwise well-known influence on yield, were selected as independent 
variables in a regression model. However, it was obvious that the degree 
of correlation between the selected variables, particularly between main 
effects and interaction terms formed from them, might cause illogical 
regression coefficients. To remove some of the correlation, all 
variables chosen for further examination were coded about their means 
except frost damage percentage, corn rootworm damage rating and tile 
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distance. Frost damage percentage was converted to a loss estimate, in 
bushels per acre; to construct a transformed corn rootworm damage rating, 
logs of 1.0 plus the rating were found, the mean of the logs was calcu­
lated and then subtracted from each log-transformed rating; to construct 
a transformed tile distance code, logs of 1.0 plus the initial tile 
variable (200-distance in feet) were found, the mean of the logs was 
calculated and then subtracted from each log-transformed distance code. 
The symbols of the variables and their means and ranges prior to coding 
has been given in Table 18. 
An analysis of variance and the regression coefficients and corres­
ponding t-values for a 73 variable model have been presented in Table 19. 
All management, soil, and weather index interactions which were believed 
to be important were included in this model except for the interaction 
between EXM02 and the tile distance variables, which had been inadvert­
ently omitted, and the interaction between DSFCTV and EXM02, which had 
been mistakenly replaced by the interaction DEFCTV and planting 
date, 
The stress index, DEFCTV, used in the models was selected mainly on 
the basis of its simple correlation with yield (Table 20); preference was 
given to DEFCTV over XI because DEFCTV had been used consistently in pre­
liminary studies. 
The excess moisture index, EXM02, was also selected on the basis of 
its simple correlation with yield (Table 20). However, because a judge­
ment had been made earlier to use a method of reducing PAWC estimates 
based on the assumption that EXM03 would be the excess moisture index 
used in the final regression analysis, the correlation coefficients of 
Tabl(î 18. Symbols for variables and means and ranges before coding about the means 
Symbol Variable Mean Range 
Y yield, bu/acre 101.4 0 - 174 
bo intercept, bu/acre 1.00 
E EXM02 0.24 0 - 12 .90 
Dv DEFCIV 3.12 0. ,92 - 4 .27 
D DEI'CT 55.45 21.4 - 63 .0 
B barren, % 4.90 0 - 99 
L planting date, days after April 20 24.18 6 - 57 
F frost damage, "L 0.96 0 - 32 
S stand, stalks per 1/100 acre 148.20 69 - 304 
^crw corn rootworni, damage rating 14.53 10 - 52 
^cb first brood corn borer infestation, cavities/10 stalks 2.99 0 - 36 
W total brood leaf + grassy weed», lb per 1/10 acre 49.98 0 - 408 
Pb row-placed I' fertilizer, lb r;'.05/acrc 15.74 0 - 96 
Kb row-placed K fertilizer, lb K^O/acre 10.62 0 - 72 
Nf fall-applied N fertilizer, lb N/acre 1.75 0 - 141 
Ns spring-applied N fertilizer, II) N/acre 20.38 0 - 300 
^sd side-dressed N fertilizer, lb N/acre 21.77 0 - 200 
Nt total preplant N fertilizer and manure, lb N/acre 33.87 0 - 300 
Ppd plowed-under P fertilizer, lb P205/acro 14.89 0 - 200 
Pdi disked-in P fertilizer, lb P2().'3/acrQ 2.47 0 - 101 
Pt total preplant P fertilizer and manure, lb PzOg/acre 29.11 0 - 200 
Kpd plowed-under K fertilizer, lb K^O/acre 11.50 0 - 300 
Kdi disked-in K fertilizer, lb K^O/acre 1.83 0 - 120 
Kt total preplant K fertilizer and manure, lb K20/acrG 36.75 0 - 340 
T tile distance, 200-di8tance in feet 24.96 0 - 197 
Nr N code for crop sequence 23.16 8 - 40 
Kr K code for crop sequence 17.89 0 - 60 
H buffer pH 6.70 6. 00 - 6. 99 
n soil test nitrogen (moist), lb N/acre# 67.96 24 - 172 
^Soil test nutrients for the plow-layer only. 
Table 18. (Continvied) 
Symbol Variable 
p soil test phosphorus, lb P/acro^ 
k soil test potassium, lb K/acre^ 
M nvinure , tons/acre 
t year, last 2 digits 
Mean Range 
32.66 5 - 266 
205.60 35 - 999 
2.35 0 - 30 
64.65 57 - 70 
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Table 19. Regression equation and analysis of variance for a 73-variable 
model 
Variable Coef. t-value 
bo 126.59 21.32 
S -5.814 
-4.10 
E2 0.2841 1.20 
Dv^ 21.48 14.10 
Qv^ -2.586 -1.69 
F -1.694 -8.26 
S, 0.2946 12.70 
-0.0011 
-2.49 
^crw -8.285 -3.93 
Icb 0.2294 1.48 
W -0.0437 
-4.40 
Pb -0.0360 -0.88 
Nf 0.1099 1.68 
0.1696 5.98 
-0.0001 
-0.53 
Ngd 0.1966 6.75 
N sd -0.0006 -1.34 
?pd 0.0225 0.42 
?2t,d -0.0006 
-0.75 
pZdi -0.0008 
-0.82 
Kgd -0.0670 -1.24 
0.0005 1.24 
^ di 0.0003 0.26 
T 0.9499 2.90 
-0.2059 
-2.88 
0.0041 0.56 
Kr^ 0.0538 1.01 
0.0012 0.53 
H 0.1595 5.91 
n 0.3291 6.38 
n^ -0.0046 
-4.03 
0.0334 0.84 
-0.0003 
-0.89 
k 0.0205 2.57 
k2 
-0.0001 
-0.50 
SDv 0.1032 2.47 
S^ sd -0.0010 -1.67 
SNj. 0.0011 0.56 
Sn 0.0006 0.42 
Dv^cb 0.1525 0.61 
-0.0284 
-1.10 
WE 
-0.0194 
-1.66 
0.0002 0.99 
DyL 
-0.0723 
-0.45 
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Table 19. (Continued) 
Variable Coef. t-value 
M 0.4287 2.91 
0.0016 1.03 
*bP -0.0009 -0.82 
PbE 0.0929 2.16 
KbKc -0.0014 -1.15 
Kyk -0.0004 -0.96 
NtD 0.0012 0.43 
^sd^ 0.0114 4.14 
Nt-E 0.0096 0.49 
N^-S 0.0009 1.62 
N^n -0.0016 -1.47 
^sdR -0.0028 -2.03 
NtNr 0.0025 1.80 
NsdNr 0.0040 2.61 
PtP -0.0008 -1.44 
(Pt-Pdi)D -0.0142 -4.27 
PdiD -0.0142 -1.12 
(Kt-Kdi)D 0.0082 3.48 
Kdi_D 0.0095 0.57 
KcKr 0.0006 0.85 
NVS 0.0778 1.10 
X;D -0.0191 -2.38 
K^-S 0.0500 0.70 
KrD 0.0019 0.39 
nE 0.1263 2.37 
nD -0.0091 -1.69 
pD 0.0172 4.67 
kD -0.0016 -2.46 
kKr -0.0003 -1.11 
Kt-k -0.0001 -0.74 
Analysis of Variance 
Source SS M F-ratio 
Total 1128 1,120,347 
Regression 73 729,027 9,987 29.5 
Residual 1155 391,320 339 
R2 = 0.651 
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Table 20. Simple correlations between weather indexes and yield 
Index Coef. 
DEFCTV 0.433 
DEFCTX 0.405 
DEFCTW 0.347 
DEFCT 0.336 
XI 0.434 
X2 0.419 
EXM02 -0.141 
EXM03 -0.120 
EXM04 
-0.120 
yield with EXM02 and with EXM03 were calculated with the effect of DEFCTV 
partialled cut. These partial correlation coefficients were -0.175 and 
-0.171 for EXM02 and EXM03, respectively. (The simple correlations of 
DEFCTV with EXM02 and with EXM03 were 0.036 and 0.075, respectively.) 
Correlation coefficients of yield and DEFCTV with EXM02 and with EXM03 
partialled out were 0.457 and 0.459, respectively. Although the close­
ness of both sets of partial correlation coefficients does not mean that 
another method of reducing PAWC might not be more appropriate, the coeffi­
cients do indicate that either excess moisture index in combination with 
DEFCTV would serve about equally well to account for variations in yields. 
A different stress index, DEFCT, was used to form seme interactions. 
DEFCTV had been weighted for energy and growth stage, but DEFCT had not 
been weighted for either. Therefore, DEFCTV was used to form interaction 
terms with those variables (stand and weeds) which competed for moisture, 
nutrients, and in rare instances, light, during the entire growing season. 
DEFCT was used to form the interactions for the nutritional variables 
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which would have had an increase or decrease in availability with changes 
in soil moisture. DEFCT was used in such cases because it should best 
reflect the soil moisture condition during the period of maximum nutrient 
uptake which occurs prior to tasseling. 
The coefficients of the 73-variable model were used as a basis for 
obtaining a second model. Interaction terms not involving stress or 
excess moisture indexes were dropped if they had low t-values and were 
assumed to be unimportant in further analysis of the weather indexes. 
The interaction between DEFCTV and planting date was replaced with the 
DEFCTV by EXM02 interaction and the tile distance by EXM02 interaction 
was added. The interactions between DEFCTV and first brood corn borer 
infestation, between DEFCTV and K code for crop sequence, between EXM02 
and N code for crop sequence, and between EXM02 and K code for crop 
sequence were dropped because they had low t-values and were not of any 
further interest. The model which was finally selected had 54 variables 
(M7 in Table 22) and this model was used for developing the series of 
models outlined in Table 21. This series of models was used to determine 
the importance of the weather indexes and their interactions, alone and in 
combination with other variables. 
A linear time trend was included to account for any increase in 
production not attributable to the included management factors. The 
barren stalk and planting date variables were included to account for 
any of several factors such as hybrid adaptability and maturity rating 
and genetically determined apical dominance. Furthermore, because 
barren stalk percentages result from the integration of many factors by 
the plant, several effects and interactions not included in or only 
loi 
Table 21. Outline of models used in extra sum of squares analysis of 
variance 
Model Factor groups 
Ml Weather indexes 
M2 Barren stalks, planting date 
M3 Weather indexes, barrens, planting date 
Soil and management factors 
M5 DEFCTV, soil and management factors 
M6 EXM02, soil and management factors 
M7 Weather indexes, soil and management factors 
M8 Weather indexes, soil and management factors, time 
M9 Weather indexes, soil and management factors, time, 
barrens, planting date 
partially accounted for by the model might be expressed in the regression 
coefficient for barren stalks. 
In the series of regression models outlined in Table 21, Ml represents 
the contribution of weather to yield, M2 represents the effects of barrens 
and planting date, and M3 combines the variables of Ml and M2. 
M4. includes soil and management factors and selected interactions. 
The stress index and all stress interaction terms which were believed to 
be potentially important were added to M4 to obtain M5. The excess mois­
ture index and all excess moisture interaction terms which were believed 
to be potentially important were added to M4 to obtain M6. M5 and M6 were 
combined, redundant terms were eliminated, and the interaction between 
DSFCTV and EXM02 was added to obtain M7 which was the model selected 
after examination of the original 73-variable model. M8 was obtained 
by adding a linear time trend variable to M7, and M9 was obtained by 
adding the barren stalk and planting date variables to M8. The analyses 
Tabic. 22. Variables, regression coefficients, and t-
Variable Coei, t-value Coef. 
Ml M2 
bo 99.14 107.63 101.41 
E -7.675 -4.97 
e2 0.5645 2.22 
Dv 30.95 15.40 
0^2 7.712 3.93 
EDy -5.562 -1.86 — 
l\ -- -- -1.572 
L — — -0 « 9841 
m M5 
bo 127.78 19.51 127.98 
Dy — — 21.65 
Dy^ — -- -2,55 
E — — - -
F -1.854 -7.84 -1.699 
S 0.2990 11.31 0.3032 
s2 0.0002 -0.41 -0.0010 
Icrw -8.355 -3.48 -8.740 
Icb 0.0536 0.31 0.2254 
W -0.304 -2.70 -0.0438 
Pb -O.OOO^f -0.01 -0.0539 
Nf 0.1867 2.48 0.1297 
Ns 0.1967 7.53 0.1636 
Ngj 0.2183 8.70 0.1652 
lues for the nine models outlined in Table 21 
t-value Coef. t-value 
M3 
134.42 98.52 118.13 
— — 
-7.346 -5.27 
— — 0,6076 2.65 
— — 25.82 14.06 
— — 10.06 5.57 
— — -6.236 -2.31 
-16.38 -1.236 -13.22 
-10.28 -0.9053 -10.36 
M6 
22.58 125.56 19.35 
— — 
-5.760 -3.44 
14.28 
- 1 . 6 8  
0.2694 0.98 
-8.28 -1.856 -7.89 
13.24 0.2883 10.95 
-2.50 -0.0001 -0.21 
-4.21 -7.563 -3.18 
1.48 0.0406 0.24 
-4.44 -0.0292 -2.61 
-1.30 0.0062 0.13 
2.00 0.1843 2.48 
7.07 0.2019 7.71 
7.47 0.2277 9.11 
Table 22. (Continued) 
Variable Coo f t-va lue Coef. 
m M5 
l'pd -0.0922 
l'dl -0.0255 
Kpd 0.0452 
0.0558 
T 0.9094 
Nr -0.2883 
Kr 0.0652 
H 0.2132 
n 0.3406 
n^ -0.0043 
P 0.0122 
k 0.0212 
SNr -0.0010 
M 0.5586 
PbP 0.0002 
Kbk -0.0001 
NtS 0.0007 
N(-n -0.0018 
Nsdn -0.0005 
NtNr 0.0032 
NsciNr 0.0049 
PtP -0.0026 
SDv 
WDv -  -
Nf-D 
NsdD 
(Pt-Pdi)u - -
Pdl» -  -
(K(: -Kdi)D 
-2.30 
-0.0121 
-0.27 -0.0225 
1.20 -0.0341 
-0.53 -0.0855 
2.46 0.5391 
-4.00 -0.2175 
1.33 0.6739 
6.87 0.1511 
5.87 0.3129 
-3.59 -0.0037 
0.38 0.0103 
3.13 0.0193 
-1.87 -0.0009 
3.55 0.5048 
0.14 -0.0013 
-0.12 -0.0004 
1.33 0.0006 
-1.60 -0.0013 
-0.33 -0.0018 
2.55 0.0035 
3.21 0.0045 
-6.07 -0.0010 
- - 0.1193 
- -
-0.0204 
0.0012 
- - 0.0098 
- -
-0.0136 
- -
-0.0130 
— — 0.0091 
-value Coef. t-va lue 
M6 
-0.33 -0.1015 -2.56 
-0.27 -0.0258 -0.28 
-1.01 0.494 1.33 
-0.87 -0.0532 -0.51 
1.68 1.183 3.13 
-3.48 -0.2574 -3.58 
1.60 0.0764 1.58 
5.60 0.2206 7.19 
6.24 0.3601 6.24 
-3.52 -0.0048 -4,02 
0.36 0.1060 0.33 
3.28 0.1871 2.78 
-1.88 -0.1297 -2.38 
3.72 0.4868 3,10 
-1.32 0.0003 0.30 
-1.20 0.0001 0.05 
1.20 0.0009 1,63 
-1.29 -0.0020 -1.80 
-1.39 -0.0009 -0.59 
3.19 0.0027 2.12 
3.42 0.0046 3.03 
-2.54 0.0025 -5.90 
2 . 8 6  
-0 .81  
0.43 
3.73 
-4.21 
1.04 
4.20 
'lablc 2?.. (Colli iiiucd) 
Variable? Coo.f , t-value Coef. 
Jll5 
K,i;l) -- -- 0.0168 
N^-1) — — -0.0242 
nl) -- -- -0.0077 
jii) — — 0.0185 
kn — — -0.0016 
VI I'l — - - -
.. — — — — — 
- -
N |j I*'i - - " " " -
III". - - — - — — 
M7 M8 
bo 125.65 22.53 125.65 
E -6,0610 -4.20 -6.034 
e2 0.2733 1.16 0.2708 
Dv 21.80 14.59 21.69 
Dv^ -2.669 -1.78 -2.858 
EDv 1.313 0.58 1.324 
F -1.689 -8.32 -1.691 
S 0.2935 12.94 0.2886 
S2 -0.0009 -2.23 -0.0009 
Icrw -7.919 -3.88 -7.8965 
Icb 0.2018 1.35 0.2159 
W -0.0422 -4.32 -0.0435 
Pb -0.0444 -1.09 -0.0/f87 
Nf 0.1272 1.99 0.1249 
t-value Coef. L-value 
M6 
1.04 
-3.32 
-1.44 
5.12 - -
-2.54 — — — -
-0.2433 -1.86 
0.1175 0.28 
- - 0.0858 1.72 
- -
-0.0059 -0.26 
0.0695 1 .14 
M9 
22.52 117.39 24.26 
-4.18 -4.272 -3.42 
1.15 0.1705 0.84 
14.40 15.36 11.46 
-1.87 1.840 1.40 
0.58 -1.660 -0.84 
— — 
-1.386 -19.45 
— — 
-0.2695 -4.08 
-8.33 -1.723 -9.71 
11.97 0.3349 15.89 
-2.23 -0.0009 -2.47 
-3.87 -4.962 -2.80 
1.43 0.2369 1.76 
-4.35 -0.0339 -3.90 
-1.18 -0.0052 -0.14 
1.95 0.0876 1.58 
Table 22. (Continued) 
Variable Coei. t-value Coef. 
M7 M8 
Ng 0.1676 7.30 0.1643 
Nsd 0.1759 8.05 0.1735 
I'pd 
I'di 
-0.0204 -0.57 -0.0276 
-0.0191 -0.23 -0.0228 
Kpd 
Kdi 
-0.0282 -0.85 -0.0284 
-0.0866 -0.90 -0.0850 
T 0.7759 2.39 0.7782 
Nr -0.1903 -3.07 -0.1895 
K^ . 0.0813 1.96 0.0796 
H 0.1591 6.01 0.1589 
n 0.3365 6,78 0.3427 
n2 -0.0042 -4.11 -0.0042 
p 0.0082 0.30 0.0084 
k 0.0171 2.94 0.0168 
SNr -0.0012 -2.63 -0.0012 
M 0.4426 3.29 0,4351 
PbP -0.0011 -1.11 -0.0010 
Kbk -0.0003 -1.00 -0.0003 
NtS 0.0008 1.73 0.0008 
Nf-n -0.0013 -1.36 -0.0013 
Nsd" -0.0021 -1.68 -0.0021 
NtNr 0.0030 2.73 0.0030 
NsdNr 0.0043 3.28 0.0043 
Ptp -0.0010 -2.41 -0.0010 
SDy 0.1056 2.57 0.1063 
wiv -0.0300 -1.18 -0.0296 
NtD 0.0013 0.49 0.0014 
Ned^ 0.0103 3.98 0.0102 
(Pt-Pdl)D -0.0138 -4.35 -0.0138 
-value Coef. t-value 
M9 
6.95 0.1408 6.88 
7.81 0.1665 8.67 
-0.63 -0.0379 -1.22 
-0.28 -0.0436 -0.61 
-0.86 -0.0015 -0.05 
-0.88 -0.0632 -0.76 
2.39 0.6937 2.46 
-3.06 -0.2293 -4.28 
1.92 0.0424 1.18 
6.00 0.1428 6.23 
6.76 0.2229 5,04 
-4,14 -0.0030 -3.43 
0.30 0.0605 2.49 
2.89 0.0161 3,20 
-2.56 -0.0009 -2.13 
3.22 0.4550 3.88 
-1.08 -0.0016 -1.87 
-0.95 -0.0001 -0.47 
1.71 0.0004 1.06 
-1.37 -0.0008 -1.00 
-1.69 -0.0006 -0.54 
2.74 0.0023 2.40 
3.28 0.0041 3.65 
-2.44 -0.0009 -2.51 
2.60 0.0650 1,82 
-1.19 -0.0262 -1.21 
0.50 0.0047 1.98 
3,95 0.0067 3.00 
-4,36 -0.0099 -3.36 
Tabic T?.. (Continued) 
Variable Coef. C-value Coef. t-value Coef. t-value 
M7 M8 M9 
Pdll) -0.0144 -1.17 -0.0137 -1.11 -0.0166 -1.55 
(Kf; -Kcll) D 0.0089 4.17 0.0088 4.14 0.0032 1.72 
KdiD 0.0179 1.14 0.0174 1.10 0.0198 1.45 
Nfl) -0.0215 -2.99 -0.0214 -2.99 -0.0130 -2.07 
nD -0.0094 -1.76 -0.0096 -1.79 0.0025 0.53 
pD 0.0018 5.12 0.0180 5.07 0.0043 1.36 
kD -0.0016 -2.47 -0.0015 -2.38 0.0003 0.45 
WE -0.0176 -1.56 -0.0178 -1.58 -0.0055 -0.57 
TK 0.3776 1.03 0.3717 1.02 0.0812 0.26 
PbE 0.1056 2.46 0.1029 2.38 0.0847 2.27 
N,.E 0.0005 0.03 0.0006 0.03 0.0065 0.39 
nE 0.1149 2.14 0.1146 2.14 0.0681 1.47 
t — — 0.1516 0.60 -0.1270 -0.58 
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of variance for these models have been given in Table 23. F-ratios 
indicate that all models were statistically significant. 
The analyses of variance of the extra sum of squares obtained by 
combining four sets of models have been given in Table 24. R(M3/M1) 
designates the extra sum of squares attributable to the variables in M3 
•which are not also in Ml. Except for the time trend, all groups of added 
variables increased the regression sum of squares significantly. In terms 
of hypotheses, the F-ratios indicate with a high probability that at 
least one coefficient in each added group was not equal to zero. 
When added to the other variables, each group in Set II has contrib­
uted significantly to explaining variation about the mean, although the 
addition of EXM02 and its interaction terms was less important in total. 
The combined sum of squares from R(M7/M5) and R(M7/M6) exceeded R(M7/M4) 
by only 865, part of which can be attributed to ED^ in M7. This result 
indicates that there is very little overlap in the variation accounted for 
by the stress and excess moisture groups of variables. 
In Set IV, the addition of the barren stalk and planting date varia­
bles increased the sum of squares substantially, indicating that some 
contributions to yield were not accounted for by M8. Some of the extra 
sums of squares arising from the addition of the two variables in M2 to 
M8 could be due to unincluded variables, to errors in estimating or * 
measuring the included variables, or to model bias. An inspection of the 
equation for M9 showed that the coefficients of E and and their squared 
terms decreased when M2 was added to M8. These decreases can be explained 
by the overlap between the weather indexes and the barren stalk and 
planting date variables. However, this overlap was not complete as the 
Table 23, Hie analysis of variance of the nine models outlined in Table 21 
Source df R2 SS MS F-rat 
Total 1228 1,120,347 
R(M1) 5 0.225 252,434 50,487 71.1 
Residua I (Ml) 1223 867,912 710 
R(M2) 2 0.235 262,843 131,421 187.9 
Residual (MB) 1226 857,504 699 
R(M3) 7 0.372 417,285 59,612 103.5 
Residual (M3) 1221 703,062 576 
R(M4) 32 0.491 550,413 17,200 36.1 
Residual (M4) 1196 569,933 477 
R(M5) 46 0.630 706,391 15,356 43.8 
Residual (M5) 1182 413,956 350 
R(M6) 39 0.507 567,853 14,560 31.3 
Residua] (M6) 1189 552,494 465 
R(M7) 54 0.647 724,696 13,420 39.8 
Residual (M7) 1174 395,651 337 
R(M8) 55 0.647 724,817 13,178 39.1 
Residual (MS) 1173 395,530 337 
R(M9) 57 0.737 825,797 14,489 57.6 
Residual (M9) 1171 294,550 252 
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Table 24. Analysis of variance for the extra suzi of squares given the 
indicated sub-model was present in the full model 
Set Source df SS MS F-ratio 
I R(M3/M1) 2 164,851 82,425 156.5 
R(M3/M2) 5 154,442 30,888 54.6 
Res(M3) 1221 703,062 526 
II R(M7/M4) 22 174,283 7,922 23.5 
R(M7/M5) 8 18,305 2,276 6.8 
R(M7/M6) 15 156,843 10,456 31.0 
Res (M7) 1174 395,651 337 
III R(M8/M7) 1 121 121 0.4 
Res(MB) 1173 395,530 337 
IV R(M9/M8) 2 100,980 50,490 200.4 
R(M9/M2) 55 562,954 10,236 40.7 
Res(M9) 1171 294,550 252 
F-ratio for R(M3/M2) has 
The coefficients 
indicated. 
for other factors and interactions also changed. 
3c~^ positively and some negatively. Ihe increase in the soil test P 
coefficient and the decrease in soil test ? by DEFCT interaction coeffi­
cient were two noticeable changes. No satisfactory explanation can be 
offered for these coefficient shifts. 
The coefficients of M7 were of particular interest because this 
model was assumed to be most appropriate for examining the main effects 
and interactions of the weather indexes. The linear and squared weather 
indexes behaved as expected. However, the squared term for EXM02 was 
not significant at the 10 percent level. The ED^ coefficient was not 
significant. Moreover, the sign on SD_^ was not stable, i.e., it was 
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negative in all other nodels except MS. 
In discussing the change in response rates caused by an inter­
action between one factor, say X^, at different levels of another factor, 
say X2, and at the mean levels of all other factors, only the sign and 
magnitude of the interaction coefficient and the deviation of second 
factor from its mean are important when the variables have been coded 
about their means. For example, with a two-factor equation, Y = 
2 2 
a + bX^ + cX^ + dX^ + eX^ + fX^X^, the response rate to X^ will be 
determined by b + 2dX^ + fX^. At any level of X^, the change in response 
rate caused by X^ will depend on the sign and magnitude of f and the 
deviation of X^ from its mean. The influences of the stress and excess 
moisture indexes on the response rates of soil and management variables, 
as calculated in M7, are discussed in the following paragraphs. 
Twelve stress interaction terms were included in M7 of which eight 
were significant at the 10 percent level or less. Of the four non­
significant interactions, two were with disked-in ? and K fertilizer 
applications. There were less than 75 sites on which disking had been 
used to incorporate fertilizers; these few were, perhaps, not sufficient 
to give a good test of either the main effects or the interactions with 
stress. The stress interactions with total preplant N and total weeds 
were nonsignificant also. The interactions of D with side-dressed N 
fertilizer, preplant K (less disked-in K), and soil test ? were all 
positive, indicating decreased response rates to nutrients in these 
categories when D was less than 55.45. The interaction between crop 
sequence code for N and 0 was negative; since the code value increased 
as the availability of N from the previous legume crop decreased, this 
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negative interaction indicated that response to legume N decreased when D 
was less than 55.45. For the interaction of D and preplant P (less 
disked-in P), the negative coefficient indicated that increased response 
rates occurred when D was less than 55.45. Similar conclusions can be 
drawn for soil test N and soil test K. The coefficient for the stand 
level by interaction was positive, indicating increased response rates 
for values greater than 3.12. 
Five interactions between EXM02 and soil and management variables 
were included in M7. Of these, only two were significant at the 10 percent 
level. The positive coefficient for the interaction between row-placed 
P fertilizer and EXM02 indicated an increase in response rate to P when 
EXM02 exceeded the mean value of 0.24, i.e., as excess moisture conditions 
increased. Row-applied P was the only row-applied fertilizer carried as 
a linear variable and in an interaction with EXM02 because of the high 
degree of correlation between all row-applied nutrients. Therefore, the 
effect of row-applied P in offsetting excess moisture conditions may 
also be partially attributed to row-applied N and K. 
The positive interaction between soil test N and EXM02 indicated an 
increase in the rate of response to soil test N values when EXM02 exceeded 
0.24. The t-values for the coefficients of the interactions between EXM02 
and the transformed tile distance variable, preplant N, and total weeds 
were not significant at the 10 percent significance level, although the 
t-value for the weed interaction coefficient approached it. The total 
weed by excess moisture index interaction is not readily interpreted 
because of the difficulty in distinguishing between the cause and effect 
of weed growth under excess moisture conditions. 
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CONCLUSIONS 
In the first part of this chapter, conclusions about various model 
adaptations and modifications are given. The second part contains con­
clusions about the indexes when used as variables in regressing corn yields 
on soil, management, and weather factors. In the last part, a few sugges­
tions are made for future use of the indexes and the simulation model. 
Of the two methods used to redistribute infiltrated water, Method 3 
produced moisture percentages more like those observed in field experi­
ments then did Method A. In Method B, the redistribution rates were 
determined by plotting redistribution data from 25 soils to obtain a 
table of redistribution loss rates based on soil moisture contents. 
In Method A, the drainage equation, M = aT , where M is moisture content 
at T days after infiltration, a is moisture content one day after infiltra­
tion, and b is an exponent determined by soil characteristics, was used to 
determine the redistribution loss rates. 
The original estimates of plant available water capacity were based 
on horizon textural classes. Since these estimates appeared to be too 
high, they were reduced by subtracting a small constant amount and/or a 
percentage from each layer. An analysis of several intensities of 
reduction on the plant available water capacities of sites in Muscatine 
County showed simulation improvements were obtained by decreasing the 
original estimates by about 15 percent. 
A modification designed to make early season surface evaporation 
more reflective of differences in daily atmospheric demand and soil 
moisture conditions also improved simulation. This modification assumed 
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a linear first-stage evaporation rate at 80 percent of open pan evapora­
tion. The modification which appeared to be most appropriate used the 
sum of the surface layer plant available water content and the product 
of 1.2 times the pan evaporation loss to determine the surface moisture 
content at which first-stage evaporation ceased and second-stage evapora­
tion began. 
Moisture stress indexes were weighted by growth stage and by energy. 
The stress indexes weighted by growth stage were no better than unweighted 
indexes in comparisons made within individual counties. When comparisons 
were made using the combined data from seven counties, a slight improve­
ment occurred due to growth stage weighting. 
The energy weighting factor, i.e., daily pan evaporation loss, when 
applied to indexes previously weighted by growth stage, produced notice­
able improvements in both the individual county analyses and in the com­
bined analyses. 
An index weighted by energy alone, calculated for the combined data^ 
showed improvement over the unweighted index but was somewhat inferior to 
the index weighted by both growth stage and energy. The index weighted 
by both factors was most appropriate for regression analyses. 
Excess moisture indexes based on a post-germination 46-day summation 
of the daily fraction of the root zone containing airfilled pore space 
less than a set of four arbitrarily chosen percentages produced a set of 
indexes which could be used in the regression of yields on weather condi­
tions. Two other types of indexes showed little or no merit as excess 
moisture variables. Of the set of excess moisture indexes found to be 
useful, the index based on a 10 percent airfilled pore space was most 
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appropriate for regression analysis. Furthermore, a weighting system, 
linearly decreasing with time after planting, was found to improve further 
the usefulness of the excess moisture index. 
Moisture stress and excess moisture indexes were selected and used 
in a series of regression models to determine their effectiveness in 
accounting for weather influences on corn yields. 
Little difference was found between the moisture stress variables, 
DEFCTV and XI; however, ÛEFCTV was chosen as the main variable in the 
regression analysis. Both DEFCTV and XI were weighted by energy and 
growth stage factors. 
There was some evidence that the response to the stress indexes was 
not the same for all areas of the state. 
For the excess moisture variable, EXM02, was selected; this index 
was based on weighted fractions of the root zone which were less than 
10.0 percent airfilled on any day of the 46-day period. However, an in­
dex with a pore space criteria of 12.5 percent was nearly as good as EXM02. 
Interaction terms were formed between stress indexes and selected soil 
and management variables. Both DEFCTV and DEFCT were used in the inter­
action terras, but DEFCT, since it was unweighted for growth stage and 
energy, was used for those terms in which a mineral nutrient source was 
included. Interaction terras were also formed between EXM02 and selected 
soil and management variables. 
The stress variable and associated interaction terras as one group, 
and the excess moisture variable and associated interaction terras, as 
another group, were included in a series of regression models with soil 
and management variables. An analysis showed very little overlap in the 
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sums of squares due to the two groups. Both groups contributed signif­
icantly to the yield variation explained by the regression models con­
taining soil and management variables. 
When a time trend variable was added to the regression model, no 
significant increase in sum of squares due to regression was achieved. 
Therefore, it was concluded that most of the increase in technology was 
accounted for by the management variables. 
Two variables, barren stalk percentage and planting date, added 
significantly to the sums of squares due to regression when all other 
weather, soil, and management variables were included in the model. The 
extra sum of squares due to these two variables could have resulted from 
the indirect inclusion of information about hybrids, reflections of errors 
in the estimation or measurement of other variables, and the removal of 
some model bias. The analysis also showed that some of the variation 
explainable by barren stalks and planting date variables had been ex­
plained by soil, weather, and management variables. 
Most selected interaction terms between weather indexes and soil 
and management variables were significant and readily interpretable in 
terms of their influences on response rates of soil and management factors. 
By way of a general conclusion, the stress index DEFCTV, which had 
been weighted for energy and growth stage, and the excess moisture index, 
EXM02, which had been weighted for time from planting date, were adequate 
for explaining weather variation due to soil moisture and atmospheric 
conditions. However, when all yields from the entire statewide study 
are analyzed, dividing the 15 counties into three or four groups so 
that the stress indexes in these counties can be used as separate stress 
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variables with other factors, would probably improve the interpretation. 
An assumption that interactions between the stress variable and other 
variables would be the same for all counties regardless of differences 
between linear stress effects would simplify an analysis of this type. 
Because of the great amount of estimation that was done to arrive at 
values for the various model components, future yield studies requiring 
weather indexes for data analysis would benefit if some project resources 
were allocated to improving the accurateness of these components. In 
particular, starting date soil moisture samples, plant available water 
capacity measurements, and various other measurements necessary to de­
scribe the soil pore space components could be easily obtained. 
If ampl-: resources were available, improvements could also be 
achieved by incorporating a more refined infiltration and redistribution 
procedure, based on profile hydraulic properties, into the model. 
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SUMMARY 
Weather factors are known to contribute to corn yield variations 
between locations and between years. The objective of this study was 
to devise moisture stress and excess moisture indexes which could be used 
for regressing corn yields on weather, soil, and management factors. The 
data for the overall corn yield study had been obtained as part of a 15 
county project entitled: Crop yielding capacity of Iowa soil types under 
different soil and crop management and climatic conditions. The project 
was initiated in 1957 in two counties and counties were added each year 
until 1962 when the fifteenth county was added. The 15 counties were 
selected to represent major soil association areas in the state. Within 
each of the selected counties, the 2 percent sample of quarter-sections 
for the Conservation Needs Survey formed the nucleus for location of sites 
used in this research. With few exceptions, yield was checked each year 
a site was planted to corn. Data were also collected on soil and site 
characteristics, crop and soil management, and rainfall at or near the 
site. Field research was terminated after the 1970 season and data 
analysis was begun. Data from seven selected counties were used to 
develop indexes for explaining weather-induced yield variations. 
A review of literature indicated that stress and excess moisture 
indexes derived from a model simulating soil and atmospheric conditions 
would be best suited for this objective. A model described by Shaw 
(1963) was chosen as the basis for further development of the weather 
indexes. This model used daily atmospheric demand conditions to deter­
mine if moisture in the soil was sufficient to maintain a high d^ily 
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relative transpiration rate. 
If moisture was not sufficient, the transpiration rate was reduced 
in accordance with the relative amount of moisture remaining in the root 
zone. The daily soil moisture values for each site were obtained by a 
budgeting procedure using ten 6-inch soil layers to a depth of five feet 
to store water from rainfall and from which water could be removed by a 
root extraction procedure based on the stage of growth of the crop, the 
amount of moisture in the soil, and the atmospheric demand on the crop 
canopy. 
A review of literature was undertaken to determine modifications 
which could be made to improve the simulative ability of the model. 
Furthermore, methods of estimating model components other than daily 
rainfall had to be developed because no measurements of these components 
had been made for the sites used in the analysis. Daily pan evaporation 
losses, plant available water capacity, and starting date plant available 
water wre estimated to adapt tha original modal to the characteristics 
of each site. Daily pan evaporation losses were estimated from isoline 
maps drawn from daily open pan evaporation losses recorded at a network 
of weather bureau stations. The amounts of plant available water at 
each site in the early spring were estimated from a subsoil moisture 
survey conducted by the ISU Agronomy Department. Plant available water 
capacities (inches of water per 6-inch layer) were estimated for each 
site using the textures of each horizon as given in the site profile 
description and the ranges of plant available water for different tex-
tural classes as determined by the Soil Conservation Service Laboratory 
at Lincoln, Nebraska. These initial capacities appeared to be too high; 
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therefore, a systematic reduction of them was made to improve the model 
simulation. 
To modify the model for deriving excess moisture indexes, a method 
for infiltrating and for redistributing water in the soil profile had to 
be devised; this was achieved by referring to published results from 
investigations on these subjects, which had been conducted under both 
laboratory and field conditions. Some general infiltration and redistri­
bution patterns were common to most of the experiments, and these proc­
esses were incorporated into the soil moisture model as modifications. 
To incorporate these modifications, estimates of the water held below 
-15 atmospheres tension, the total pore space, and the rates of redis­
tribution for different soils were needed. 
The water held below -15 atmospheres tension was estimated from the 
estimated clay percentages of each horizon, using the relationship between 
the -15 atmosphere moisture percentage and the clay percentage reported 
by Nielsen and Shaw (1958). Estimated bulk density and an assumed 
particle density of 2.65 g/cc were used to estimate total pore space. 
To estimate the rates of redistribution for different classes of soils, 
the percentages of water lost in successive 24-hour periods were plotted 
against the percentages of moisture present for a set of 25 different 
soils. The loss rates obtained from the plot were divided into 10 re­
distribution classes into which soils from all sites were placed. The 
percentages of moisture used to determine the loss rates were based on 
total waterfilled pore space being equal to 100 percent. Another method 
of redistribution, based on M = aT ° (Wilcox, 1959), where X was soil 
moisture content T days after infiltration, a was the soil water content 
180 
one day after infiltration, and b was a characteristic of the soil, was 
used, but on the basis of comparisons with data reported from field in­
vestigations on seven soils, it was found to be less satisfactory then 
the method previously described. 
The method of estimating surface evaporation was also modified by 
assuming that potential surface evaporation was 80 percent of estimated 
open pan evaporation and that this potential evaporation would be removed 
from the surface 6-inches of soil during linear first-stage evaporation. 
First-stage surface evaporation was assumed to stop when the moisture 
content in the surface layer was less than the sum of the plant avail­
able water capacity of the surface 6-inches and the product of a factor 
times the potential surface evaporation. When moisture in the surface 
layer was below this sum, surface evaporation was estimated to be a 
fraction of potential evaporation, where the fraction became smaller as 
water was depleted from the surface layer. Three factors, 0.5, 1.0, 
and 1.5, were used to estimate the point above plant available water 
capacity at which the surface evaporation rate changed from linear first-
stage to non-linear second-stage. The largest factor, 1.5, improved 
model results slightly for tests on Linn and Clay County sites. 
Moisture stress indexes, weighted for growth stage and for solar 
energy, were calculated and tested. The basic stress indexes were 
those described by Corsi and Shaw (1971). These indexes were found by 
summing the non-stress days, the daily ratios of moisture percentage 
present in the root zone to the percentage required to prevent turgor 
loss, and the daily relative transpiration ratios for each day in a 63-
day period starting six weeks before and ending three weeks after the 
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75 percent silking date. 
The non-stress days, the percentage ratios, and the relative trans­
piration ratios were predicted in the model by using empirically-derived 
relationships between soil moisture reserves and atmospheric demand. 
Because these daily indexes were relative to the daily energy or radiation 
input, the daily pan evaporation loss was used as a weighting factor to 
account for differences in photosynthesis, A weighting factor was also 
incorporated into the stress indexes to account for differences in sus­
ceptibility of the crop to stress conditions during different stages of 
growth. The growth stage weights were obtained from published data on 
reduced yields under stress conditions at various stages of plant develop­
ment. 
Preliminary studies on Linn and Clay County data showed that the 
energy weighting factor markedly increased the simple correlations be­
tween yields and indexes. The growth stage weighting factor was less 
useful, especially when the index had not been already weighted for energy. 
A review of literature was made to determine under what conditions 
excess moisture would be most likely to reduce corn yields and at what 
growth stages the crop would be most susceptible to such conditions. 
Various potentially detrimental chemical and physiological mechanisms 
had been found to be operative in experiments reported in the literature; 
however, no mechanism could be isolated as the main source of yield 
reduction. Reduced aeration conditions were common to all mechanisms, 
and therefore, the model was modified to estimate the fraction of the 
root zone that was below a critical percentage of airfilled pore space. 
The fraction of the root zone below the critical percentage was summed 
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over a 46-day period in the inmediate post-germinating growth period to 
obtain one type of excess moisture index. Two other types of excess mois­
ture indexes were developed. One of these indexes was determined by 
summing the number of days redistribution was required during the same 
46-day period used for the previously described index. The other index 
was determined by summing the volume of airfilled pore space in the sur-
fact layer for the 21-day period starting three days after planting. 
Neither of the latter two indexes were satisfactory. The type of index 
first described, with a critical airfilled pore space percent of either 
10.0 or 12.5, was the most useful of the excess moisture indexes in pre­
liminary tests. 
The review of literature indicated that corn was most susceptible to 
excess moisture effects during early vegetative growth, and furthermore, 
there was evidence of a linear decrease in detrimental effects as the crop 
approached the reproductive stage. Accordingly, an excess moisture weight­
ing system devised to account for this decrease improved the relationship 
between yields and excess moisture indexes. 
After making and examining model adaptations and modifications, a 
series of regression equations were computed using data from a total of 
1229 sites located in the seven counties used for weather index develop­
ment. These equations shewed that the indexes for moisture stress condi­
tions and excess moisture conditions, separately and in combination, 
significantly explained corn yield variations resulting from weather 
differences. The t-values for the coefficients of the linear and 
quadratic terms of the stress index and the linear term of the excess 
moisture index were significant at the 10 percent level or less. 
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Furthermore, the t-values for the coefficients of the interaction terms 
between the stress indexes and stand level, side-dressed N, preplant 
fertilizer ? plus nianure ? (less disked-in) , preplant fertilizer K plus 
manure K (less disked-in), N code for crop sequence, soil test N, soil 
test P, and soil test K and between the excess moisture index and soil 
test N and row-applied P were also significant at the 10 percent level 
or less. 
In future analyses with this model, improvements would probably be 
realized if the various model components were more accurately known. 
Sampling of the sites for starting date soil moisture, for plant avail­
able water capacity, for bulk density or pore size distribution, and for 
moisture held below -15 atmospheres tension would be a worthwhile consid­
eration. Other more sophisticated measurements might be important if 
only a few sites were going to be used over a long period. Measurements 
on the hydraulic properties of the soil would allow for the development 
of more realistic infiltration and redistribution modifications. 
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APPENDIX 
Appendix Table 1. Moisture loss data used to derive redistribution 
cl a s s e s .  S a t u r a t i o n  p e r c e n t a g e  i s  b a s e d  o n  t h e  w a t e r -
filled portion of total pore space 
Texture 
percent Moisture loss per 24 hours. % 
pore space Is Is Is Is Is si sil sil sil cl cl cl 
saturation a^aaaaa a a a a a a 
1 0 0  8 3  6 3  8 3  8 1  8 3  6 2  2 6  3 4  3 4  2 4  2 8  3 0  
5 5  7 S  7 6  7 9  7 7  7 9  5 9  2 2  3 0  3 0  0  2 3  2 6  
90 74 74 74 72 74 55 IS 26 2 5  15 1 8  2 1  
85 70 70 70 68 70 51 14 21 21 11 1 3  1 7  
8 0  6 6  6 6  66 63 66 46 10 17 16 7  9 1 2  
7 5  6 1  6 2  6 2  5 9  6 2  4 2  6  1 3  1 2  3  4  7  
7 0  5 7  5 7  5 8  5 4  5 7  3 7  2  9  8  0  0  3  
6 5  53 53 53 50 53 33 1 4 4 0 0  0  
6 0  4 9  4 9  4 9  4 5  4 9  2 8  0  1  1  0  0  0  
55 45 45 45 41 44 23 0 0 0 0 0  0  
50 41 41 41 36 40 0 0 0 0 0 0 
4 5  3 7  3 6  3 7  3 1  3 6  1 4  0  0  0  0  0  0  
4 0  3 3  3 2  3 2  2 7  3 1  1 0  0  0  0  0  0  0  
a - Wilcox, 1959; 12 soils; no naines given. 
b - 3enoit , 195 9: 1 soil; Colo cl. 
c - Burrows, 1957: 4 soils; Ida sil, Marshall sil, Webster c l ,  
Tnurrnan si, respectively. 
G - Xielsen, 1958: 4 soils; Ida sil, Monona sil, Floyd cl, and 
'.\ebsrer cl, respectively. 
e - Powell, 1 9 6 9 :  2 soils; Gale town Is (two sites) a n d  W o o d s t o w n  
fsl (two sites), respectively. 
^ G & l e s t o w n  and W o o d s t o w n  soils were apparently inhibited in their 
rocistributicr.s because of water tables within the profiles. 
b 
31 
27 
23 
13 
13 
S 
2 
0 
0 
0 
0 
0 
196 
Moisture loss per 24 hours, 
sil sil cl si sil sil c1 ci Is Is fsl fsl 
c  c c c  d  d d d  e  e  e  
52 
4S 
47 
44 
40 
36 
31 
26 
9 1 
,4 13 59 
-50 
34 
30 
26 
20 
3 
2 
2 
1 
0 
0 
0 
0 
DO 
54 
36 
28 
23 
16 
41 
38 
34 
3C 
24 
31 
27 
22 
18 
13 
8 
u 
0 
0 
0 
0 
0 
0 
23 
20 
15 
10 
4 
1 
0 
0 
0 
0 
0 
0 
0 
15 
10 
0 
0 
0 
0 
0 
0 
0 
0 
0 
6 6 
61 
56 
52 
47 
42 
37 
33 
28 
23 
18 
63 
58 
54 
49 
44 
39 
35 
29 
25 
20 
18 
10 
6 
50 
45 
40 
36 
31 
26 
21 
16 
12 
7 
3 
0 
0 
45 
40 
35 
31 
26  
21 
17 
12 
7 
2 
0 
0 
0 
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FORTRAN IV Coding of tl.e Prograrr. to Compute Stress and Excess Moisture 
Indexes frotr. Pan Evaporation Losses and Infiltrated Runoff-corrected 
Rainfall 
P R O G R A M  T O  C O M P U T E  S T R E S S  &  E X C E S S  M O I S T U R E  I N D E X E S  F R O M  I N F I L T R A T E D  
t  R E D I S T R I M U T E D  R U N O F F - C O R R E C T F D - R A I N F A L L ;  
F R O M  P A N  E V A P  C O R R E C T E D  R O O F  Z O N E  S T R E S S  &  
E V A P O T R A N S P I R A T I O N  D E R I V E D  
S T A G E  O F  G R O W T H .  
C  
C  
C  
C  
C  T H I S  P R O G R A M  H A S  B E E N  A D A P T E D  A N D  M O D I F I E D  F R O M  T H E  O R I G I N A L  C O D I N G  O F  
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RE AD(NRIAD,?90I TXT 
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C  ^ i O ' j  C O N T A I N S  F O R M A T  L O R  A L L  P V E C  C A R D S  E X C E P T  M U S C A T I N E  C O U N T Y  W H I C H  
C  I S  ( I 1 , 3 I 2 , I X , 2 4 F 3 . ? )  
C  I N  A l l  T H A T  F O L L O W S  N C  R E F E R S  T C  C A R D  H  W H I C H  S H O U L D  M A T C H  T H E  #  
C  P A R I  O F  V A R l A B l  F  
C  I  S T L  S I  I  E  «  
C  I C T Y - C C U N T Y  H  
C  l Y R - Y L A R ,  L A S T  T W C  D I G I T S  
I F ( N C I . N T . 1 )  G C  T O  6 0 0 7  
I  I  =  2 ' >  
I  I  I  
C O  4 0 4  L Q - 2 , 7  
R E A D ( N R E A L ) , 4 0 f t )  N C 1 , ( P V E C ( I ) ,  I  =  1 1 , I  I I )  
I F ( N C I . N f . L Q )  G O  T O  6 0 0 7  
I  I - I  I  I + 1  
I  I  T  =  I  I + 2 3  
4 0 4  C O N T I N U E  
4 0 8  F O R M A T  I  I  1 , 7 X , 2 4 F 3 . 2  )  
R E A D ( N R E A D , 4 0 0 )  N C I , ( P V E C ( I ) , 1 = 1 6 8 , 1 7 5 )  
I F ( N C l . N E . O )  G O  T O  6 0 0 7  
C  E N T E R  I D E N ,  C A T E  &  P A W  C A R D  
R I  A n n  N  R I  A l ) ,  : h0 1  ) N C , ]  ,  I  S T f ; ,  l Y R ,  I C I  Y ,  l O A T t "  ]  ,  I I )  A l  L A ,  I  D A T E D ,  
IPAV^l 
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